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SELECTIONS OF PAPERS  DELIVERED AT CONFERENCE 
ON EXTRAGALACTIC ASTRONOMY 

Moscow, June 1961 

PROBLEMS OF EXTRAGALACTIC RESEARCH LL 

V. A. Ambartsumyan 

Basic results o f   r ecen t   s tud ie s   o f   ex t r aga lac t i c   ob jec t s  are 
repor ted .  The phenomenon of   superpos i t ion   o f   subsys tems  ins ide   ga lax ies  
has  been  considered i n   d e t a i l   i n   c o n n e c t i o n   w i t h  a cosmogonical   in ter-  
p r e t a t i o n .  

A t t en t ion  i s  p a i d   t o   t h e   r o l e  of g a l a c t i c   n u c l e i  as the   cen te r s  of 
cosmogonical   act ivi ty .   Extremely  high  cosmogonical   act ivi ty  of c e n t r a l  
n u c l e i   i n   s u p e r   g i a n t   g a l a x i e s  i s  emphasized. One of  the phenomena which 
r e s u l t e d  from t h i s   a c t i v i t y  i s  t h e   r a d i o   g a l a x i e s .  The supe rpos i t i on  of 
subsystems i n   c l u s t e r s   o f   g a l a x i e s  i s  a l s o   d i s c u s s e d .  A number of 
problems  with  which  astronomers are f a c e d   i n   t h e   f i e l d  of e x t r a g a l a c t i c  
r e sea rch  are enumerated. 

I n   t h i s   r e p o r t ,   b a s i c  facts of   ex t raga lac t ic   as t ronomy are d i s -  
cussed.   Since  the  val id   concept  of ou te r  s te l lar  sys tems,   o r   ga lax ies ,  
was e s t a b l i s h e d   s c i e n t i f i c a l l y   o n l y   a b o u t  40 years   ago,  many fundamental 
problems  concerning  the  universe   outs ide  our   galaxy  remain  unsolved.  
Therefore,  only  the  problems  which seem t o   b e   e s s e n t i a l   f o r   f u r t h e r  
e x t r a g a l a c t i c   r e s e a r c h  are presented .  We s h a l l   t r y   n o t   t o   s t r a y   t o o   f a r  
f rom  the  facts   while   touching  br ief ly   on  those  problems whose s o l u t i o n  
Seem f e a s i b l e   i n   t h e   f u t u r e   w i t h   t h e   h e l p  of a v a i l a b l e  means. 

As  i s  known, extragalactic  astronomy  borders  on  cosmology  which 
attempts to   desc r ibe   t he   un ive r se  as a whole  by means of theories .   These 
theo r i e s   have   undoub ted ly   been   bene f i c i a l   s ince   ce r t a in   so lu t ions  
to   t he   equa t ions  of the   genera l   theory   o f   E ins te in ian   g rav i ty   have  /4 
been   inves t iga ted   us ing   these   theor ies ,  and the  problem  has  been  posed 
of  comparing these s o l u t i o n s   w i t h   t h e   c h a r a c t e r i s t i c s  of an  observed 
pa r t  of   the   un iverse .  A t  the  same time, the   so lu t ions   have   o f t en   s e rved  
as the   a r ena   fo r   ve ry   rough   s impl i f i ca t ions  and has ty   ex t r apo la t ions .  

I n   t h i s   r e p o r t  w e  w i l l  no t   cons ide r   t he   ana lys i s  of   these  theories  
or  the  problem of the i r   fur ther   deve lopment ,   a l though we r e a l i z e   t h a t  a 
c r i t i c a l   r e v i e w   o f   t h e  work be ing   accompl ished   in   th i s   reg ion  would  be 

* 
NGbers given i n   t h e  margin  indicate t he  p a g i n a t i o n   i n   t h e   o r i g i n a l  

foreign text 
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ext remely   va luable .   Never the less ,   the   fac ts  and  problems  which are 
approached  below  should  be  of  value  also  for  cosmological  theories.  

I. Pr inc ipa l   Fac t s   Conce rn ing   t he   D i s t r ibu t ion   o f  Matter 

One of   the   p roper t ies   o f   the   un iverse   tha t   sur rounds   us  is  the  
f a c t   t h a t   t h e   g r e a t e s t   p o r t i o n   o f  matter t h a t  we have  observed i s  
c e n t e r e d   i n   t h e  stars. Other   ob jec ts   conta in   on ly  a small p a r t  of  the 
to t a l   obse rved  mass. 

The most   important   fact  of extragalact ic   as t ronomy is  t h a t  an 
overwhelming major i ty   o f   the   observed  stars enters in to   the   composi t ion  
o f   g i an t  s te l lar  systems  which  bear  the name ga lax ie s .  

The dimensions  of   the   galaxies  and the  number o f   t he i r  s tar  
popula t ion  are ex t remely   var ied .  The super   g ian t   ga lax ies   o f   the   type  
of two of t h e   b r i g h t e s t   g a l a x i e s ,  which are found i n   t h e   c e n t e r   o f   t h e  
c l u s t e r  of Coma Berenices  (NGC 4874 and NGC 4 8 8 9 ) ,  have  photographic 

absolute  magnitudes  approaching-22m and contain  hundreds  of   bi l l ions  of  
s tars ,  whi le   the  dwarf  systems  of  the  type of galaxy  found  in   Sculptor  

have  absolute  magnitudes  on  the  order of - l l m . O  and ev iden t ly   con ta in  
only a few m i l l i o n  stars. However, systems of a s t i l l  lower  i l lumina- 
t ion,   which  can  be  cal led  sub-dwarf   galaxies ,   border   on  the  dwarf  
ga l ax ie s .  A good r e p r e s e n t a t i v e  of such  systems i s  the  galaxy  Capricorn,  
discovered by  Zwicky,  and  which  has  an  absolute  photographic  magnitude 

of -6".5. It should be  assumed tha t   t h i s   sys t em  con ta ins   s eve ra l   t ens  of 
thousands of s ta rs  a t  the  most .   Thus,   th is   system i s  more than  10 m i l l i o n  
times smaller than   the   super   g ian t   ga lax ies ;   fur thermore ,  as f a r  as the  
number of stars is  concerned, i t  remains  far   behind many g lobu la r  s t e l l a r  
c l u s t e r s  . 

A s  a ru le ,   the   d iameters   o f   the   ga lax ies  l i e  between  the limits 
from 50,000 parsecs fo r   t he   supe r   g i an t s  and up t o  500 pa r secs   fo r   t he  
sub-dwarfs. 

Giant   and  super   giant   galaxies   with  diameters   of  5,000 t o  50,000 
parsecs invariably  have a h igh   su r f ace   b r igh tness  (more than /5 
24 .O p e r  square  second  of arc) and  they  also  have a g rea t   concen t r a t ion  
of   luminosi ty   toward  the  center .  Among dwarf ga lax ies ,   ob jec ts   having  
h igh   su r f ace   b r igh tness  are found  along  with  objects  of low su r face  
br ightness .   Essent ia l ly   however ,   there  are among the  dwarf ga l ax ie s  

m 
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systems  whose  gradient is  ve ry  small as w e l l  as systems  having a l a r g e  
su r face   b r igh tness   g rad ien t   f rom  the i r   bo rde r s   t o   t he   cen te r .  On 
photographs,  such a system appears to   be  an  a lmost   uniform  disc .*  

The fac t  that   the   overwhelming  major i ty   of  stars i s  i n c l u d e d   i n  
the   conten ts  of t he   ga l ax ie s  is o f   g r e a t   s i g n i f i c a n c e ,   i f  we t a k e   i n t o  
cons ide ra t ion   t he   f ac t   t ha t   ga l ac t i c   sys t ems  appear t o   b e   i s o l a t e d  from 
one  another in   the   f i r s t   approximat ion .   Normal ly ,   the   d i s tance   be tween 
ne ighbor ing   ga lax ies   exceeds   the   d iameters   o f   the i r   cen t ra l ,  most dense 
parts by many times. I n   a d d i t i o n ,  parts o f   t he   ga l ax ie s   t ha t  are remote 
from  the  center   and  extremely  raref ied  sometimes  interpenetrate   each 
o t h e r .  Along w i t h   t h i s   t o p o g r a p h i c   i s o l a t i o n ,  a dynamic s e c l u s i o n  of t he  
ga l ax ie s  as well as t h a t  of s te l lar  systems  should  be  noted. By dynamic 
s e c l u s i o n  i s  meant t h a t   p r o p e r t y  by  which  the  motion  of  the stars i n  
each  galaxy i s  bas ica l ly   de te rmined  by t h e   t o t a l  combined i n t e r a c t i o n  
wi th   o the r  members of the  same ga laxy .   In   add i t ion ,  i t  should be noted 
t h a t   t h i s   c o n d i t i o n   o f  dynamic s e c l u s i o n  is  accomplished  only i n  a 
cer ta in   approximat ion .  The mutual   dis turbances  of  s t e l l a r  systems  which 
are c l o s e   t o  one  another   and  the  e ject ions  f rom  central  parts of   ga lax ies  
which w i l l  be   d i scussed  l a t e r  are incidences  where  the dynamic sec lus ion   of  
the  systems  and  galaxies appears t o  be   v io l a t ed ,  more o r  less. 

* 
The dwarf star systems  of   Sculptor  and Fornax,  discovered by 

Shapley,  proved  to  be  examples  of  galaxies  which  possess a small d e n s i t y  
g rad ien t  and e n t e r   i n t o   t h e   L o c a l  Group. The su r face   b r igh tnesses  of 
these  systems are unusual ly  low. Later on,  Baade showed t h a t   t h e  
ga l ax ie s  NGC 147  and NGC 185,   which  belong  to   the  Local   Group,   a lso  have 
a small d e n s i t y   g r a d i e n t .  The s u r f a c e   b r i g h t n e s s   o f   t h i s  p a i r  of 
ga l ax ie s  i s  s ign i f i can t ly   h ighe r   t han   t ha t   o f   t he   sys t ems  of Scu lp to r  
and Fornax. The o t h e r  two members of the  Local  Group have  an  inter-  

mediate  magnitude of sur face   b r ightness :  B Sextantis  (gh  57m.3 + 5'34',1950) 

and  Leonis (10 05m.8 + 12 '33 ' ,   1950) .   In   addi t ion ,   the i r   dens i ty  
g rad ien t  i s  a l s o   v e r y  small. I n   t h e   V i r g o   c l u s t e r ,   t h e r e  are a l a r g e  
number of   ob jec ts   o f  low sur face   b r ightness   and  small dens i ty   g rad ien t .  
As f a r  as l inear   d imens ions  are concerned, some of  these  approach  the 
average   ga lax ies   in   s ize .   For   example ,   the   ga laxy  I C  3475 i n   t h e   c l u s t e r  
of Vi rgo   possesses   an   ins igni f icant   dens i ty   g rad ien t  as w e l l  as an  
extremely low s u r f a c e   b r i g h t n e s s ,  and i t s  diameter  approaches  5,000 
parsecs .   Thus ,   th i s   ga laxy ,  as f a r  as i t s  dimensions are concerned ,   fa r  
exceeds  analogous  objects  of  the  Local  Group.  Nevertheless,  i t  is  
emphasized  that   objects  which are r e l a t i v e l y   l a r g e  and  which  have small 
d e n s i t y   g r a d i e n t s  and low sur face   b r igh tness  are very  rare. For  example, 
i n   t h e  well known c l u s t e r  of Cancer ,   the   l a rges t  similar galaxy  has a 
l inear   d iameter   o f   about  2500 parsecs. 

h 
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S t a r s  make up the   compos i t ion   o f   t he   ga l ax ie s   and ,   i n  similar /6 
fashion,   galaxies   form  the  composi t ion  of   such  systems  of   galaxies  as 
t h e   c l u s t e r s   o f   g a l a x i e s  , groups of ga l ax ie s ,  and mul t ip l e   ga l ax ie s .  

I f  i t  had  been  assumed two decades   ago   tha t   bes ides   c lus te rs  and 
g roups   o f   ga l ax ie s ,   t he re   ex i s t s   a l so  a genera l   f ie ld   which   inc ludes  a 
ma jo r i ty  of ga l ax ie s  (similar t o   t h e   g e n e r a l  s tellar f i e l d ,   w h i c h  i s  
p r e s e n t   i n   o u r  s te l lar  system,  and  which  includes a l l  c l u s t e r s  and 
a s soc ia t ions ) ,   t hen  a t  the   p re sen t  time, the   ve ry   ex i s t ence   o f  a genera l  
f i e l d  would  be i n   g r e a t   d o u b t .  

The c l u s t e r s  which w e  have  observed are d i v i d e d   i n t o  two types:  
s p h e r i c a l   c l u s t e r s   w i t h  a r egu la r  symmetrical d i s t r i b u t i o n  of t he  
ga l ax ie s   nea r   t he   cen te r  and c l u s t e r s   o f   a n   i r r e g u l a r  form. The popu- 
l a t i o n   o f   s p h e r i c a l   c l u s t e r s   c o n s i s t s   b a s i c a l l y   o f   e l l i p t i c a l   g a l a x i e s .  
The d i s t r i b u t i o n   o f   t h i s   c l u s t e r   c o n t a i n s  a high  percentage  of  sp i ra l s .  
To the   s ca t t e r ed   c lus t e r s   g roups  of  galaxies  which are similar t o   t h e  
Local Group or Groups  around M 101 and M 81 adhere   c lose ly .  

Thus, for  example,   the  groups of ga l ax ie s   a s soc ia t ed   w i th  M 101 
amd M 81 i n   e f f e c t  do no t   con ta in   an  e l l i p t i c a l  galaxy. They are 
composed only  of sp i r a l s  and i r r e g u l a r   g a l a x i e s .  The group  of  galaxies 
in   Sculp tor ,   which  was inves t iga t ed  by  de  Vaucouleurs , conta ins   on ly  
i r r e g u l a r   g a a l x i e s  and those  of   the  type  Sc.  Our Local Group a l s o  
conta ins  no e l l i p t i c a l   g a l a x i e s  of  high  luminosity,   but i t  does  contain 
some e l l i p t i c a l  ga l ax ie s  of low and  moderate  luminosity. 

It is a l s o   i n t e r e s t i n g   t o   n o t e   t h a t   o u r   L o c a l  Group is e s s e n t i a l l y  
composed of two very  small groups   approaching   mul t ip le   ga lax ies   in  
s i z e .  The f i r s t  group  contains  our  galaxy, two Magellanic  clouds , and 
appa ren t ly   ce r t a in   ga l ax ie s   o f   t he   t ype  of sys t em  in   Scu lp to r .  The 
second  group  contains  the Andromeda nebula   with i t s  four  sa te l l i tes  
and M 33 .  Bowever, such a d iv i s ion   can  be e s t ab l i shed   on ly   fo r   t he  
ga l ax ie s  of a h igh  and  moderate  luminosity. The p o s s i b i l i t y  is  not  
exc luded   tha t  a l l  of t he  space of  the  Local Group is  occupied by dwarf 
ga l ax ie s .  We should add t h a t   t h e   e n t i r e  mass of  the  Local Group is  
determined  mainly by  two galaxies  which are e s s e n t i a l l y   t h e   c e n t e r  of 
t hese  two sub-groups ;   tha t   i s ,wi th  a mass M 31 and the  mass of   our  
g a l a x y .   I n   t u r n ,   t h e   r i c h   c l u s t e r s  of ga lax ies   conta in ing  a l a r g e  
number of members sometimes are found i n   t w o ' s  and three ' s ,   fo rming  
m u l t i p l e   c l u s t e r s  of ga l ax ie s .  It was p rev ious   i nd ica t ed   t ha t  /7 
ga lax ie s   u sua l ly   p roved   t o   be   i so l a t ed  from  one  another  by s te l lar  
systems. However, the  case when t h i s   i s o l a t i o n  is  in f r inged  merits 
o u r   a t t e n t i o n .   L e t  us ment ion   th ree   ca tegor ies   o f  similar objec ts :  
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(a) In te rac t ion   of   the   ga laxy .   Those  cases when two ga lax ie s  
are found  near  one  another, and the   p resence   o f   one   g rea t ly   in f luences  
the   s t ruc tu re   o f   t he   o the r   ga l axy .  Numerous examples   of   interact ing 
ga lax ie s  are given  in  the  Vorontsov-Vel 'yaminov Atlas. From t h i s ,  two 
i n t e r p r e t a t i o n s   o f   t h e   o b s e r v e d   i n t e r a c t i o n s  are poss ib le :  (1) t h e  
t i d a l   e f f e c t  and ( 2 )  t he   d iv i s ion   o f  two galaxies  which  developed 
toge ther .  The " in te rac t ion"   observed   in   the  las t  case should  be  con- 
s ide red  as r e s u l t s   o f   t h e   p r o c e s s  of d i v i s i o n .  

(b )   Pa i r s  of galaxies   connected by b r idges   o r  by c ros sp ieces .  
Numerous examples  of t h i s   t y p e  are g i v e n   i n   t h e   a r t i c l e s  of  Zwicky. 
Experiments  conducted  by  the l a t t e r  showed t h a t   t h e   i n d i c a t e d   c r o s s -  
pieces are composed of stars.  

Together   with  the  crosspieces ,  jets are observed  leaving  the 
cen t r a l   r eg ions   o f   ce r t a in   sphe r i ca l   ga l ax ie s   wh ich   con ta in ,   i n  them- 
selves, a b lu i sh   condensa t ion   appea r ing   t o  be  dwarf  galaxies.* It i s  
e s t a b l i s h e d   t h a t   t h e  j e t  somehow connects a la rge   ga laxy   wi th  dwarf 
galaxies   resembling a c r o s s p i e c e .   I n   t h e s e   c a s e s  i t  should  not  be 
doubted  that   the  dwarf galaxy  separated  f rom  the  central   nucleus  of  
the  main  galaxy.  Therefore,  i t  seems  more l i k e l y   t h a t   t h e   b r i d g e s  and 
crossp ieces  are, i n   g e n e r a l ,   t h e   r e s u l t  of the   gene t ic   p rocess   o f  two 
g a l a x i e s   a r i s i n g  from  one. 

(c) Radio galaxies. The assumption  has   been  expressed  that  
r a d i o   g a l a x i e s  are t h e   r e s u l t   o f  a random c o l l i s i o n  of a pair  of 
independent s te l la r  systems. It was assumed tha t   t he   ene rgy  of r a d i o  
emission  has as i t s  source   the   energy   f rom  the   co l l i s ion   of  two gaseous 
masses r e s p e c t i v e l y   e n t e r i n g   i n t o   e a c h   o f   t h e   g a l a x i e s .  However, the  
f a c t s   c o n t r a d i c t   t h i s   h y p o t h e s i s .  A l l  the   da ta   po in t   toward   the   fac t  
t h a t   r a d i o   g a l a x i e s  are c e r t a i n   v e r y   s h o r t   s t a g e s   i n   t h e   p r o c e s s  of 
interdevelopment  of  galaxies  of  very  high  luminosity  (super  giant 
g a l a x i e s ) .  

Apparen t ly   t he   r ad io   ac t iv i ty   o f   t he   ga l ax ie s  i s  c l o s e l y   r e l a t e d  
t o  new formations  of  the  type  of  condensations and jets ( e j e c t e d  /8 
from t h e   c e n t e r ) ,  sp i r a l  arms, and even  of e n t i r e  new g a l a x i e s .   I n  
o the r   words ,   i n   ce r t a in   ca ses ,   t he   p rocess  of d iv is ion   of   the   nuc leus  
of   the  galaxy and the  development  of a new ga laxy   wi th in   the   o ld   occurs .  

* 
NGC 3561 and I C  1182 are a t t r i b u t e d   t o  a number of ga l ax ie s  of 

high  luminosity  from whose c e n t r a l   r e g i o n s   t h e  jets o r ig ina t e   con ta in ing ,  
i n   i t s e l f ,   t h e   b l u i s h   c o n d e n s a t i o n .  
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Therefore ,   rad io   ga lax ies  are o f t e n  over-crowded  systems composed of 
the   o ld   ga lax ies  and t h e  new formations.  These new formations are 
usual ly   observed s t i l l  submerged i n   t h e   o l d   g a l a x y .  It should  be 
ment ioned   tha t   the   above   ennumera ted   d i s rupt ions   to   the   i so la t ion   o f  
t he   ga l ax ie s  i s  obse rved   on ly   i n   t he  case of a small p a r t  of t h e   t o t a l  
number of   ga lax ies .  It i s  l i k e l y   t h a t   t h e s e   d i s r u p t i o n s   o n l y   o c c u r   i n  
the  determined  stage  of  the  development  of  galaxies when new ga lax ie s  
arise. 

I n  s p i t e  of   the  fact  t h a t  real progress  was accomplished i n   t h e  
study  of spatial d i s t r i b u t i o n  of g a l a x i e s ,  many bas ic   ques t ions   remain  
unanswered. We w i l l  mention some of them: 

a) Do t h e   c l u s t e r s  of g a l a x i e s ,   i n   t u r n ,  form  systems  of a 
higher   order   of   the   type of supe r   c lu s t e r s   o r   supe r   ga l ax ie s?  

It i s  c e r t a i n   t h a t   o u r   L o c a l  Group i s  a component part  of a 
c e r t a i n  group  of   c lus te rs   in   the   cen ter   o f   which ,  as a p a r t  of  i t s  
nucleus,  is the   l a rge   aggrega t ion   in   Vi rgo .   This   l a rge  spat ia l  grouping 
w a s  c a l l e d  a super  galaxy by de  Vaucouleurs. I ts  dimensions are on  the 
order  of 20 m i l l i o n  parsecs. In  the  meantime,  however, w e  can   say  
nothing  about  the dynamic un i ty   o f   t h i s   sys t em  o r  of the  presence  of 
forces   which  might   support   th is   uni ty .  

I n   a d d i t i o n ,  i t  i s  v e r y   i n t e r e s t i n g   t o   n o t e   t h a t   t h e r e  is  no 
ev idence   o f   the   ex is tence  of a l a r g e  number of similar super   ga lax ies  
from the   s tudy  of t h e   d i s t r i b u t i o n  of ga l ax ie s  on the  ce les t ia l  sphere.  
In   the   examinat ion  of t h i s  problem i t  i s  necessa ry   t o   cons ide r   t he  
ex i s t ence   o f  two p o s s i b i l i t i e s :  1) the  intervals   between  super   galaxies  
are g r e a t  as compared with  the  diameters   of   the   super   galaxies  them- 
s e l v e s .  2) These  dis tances  are of   the  same order  as the  diameters  of 
the  super   galaxies .  

I n   t h e   f i r s t  case, many such  super   galaxies   must  be p r e c i s e l y  
observed as i s o l a t e d   f o r m a t i o n s   i n   t h e i r   p r o j e c t i o n  on the  celestial 
sphere .   In   the   second case, only a small number of  similar formations 
w i l l  be   observed  f rom  their   project ion as i so l a t ed   sys t ems .   S ince  we 
can  only  scratch  the  surface  of   the  problem, it w i l l  be d i f f i c u l t   t o  
draw a conclus ion   concern ing   the   ex is tence   o f   d i s tan t   super   ga lax ies .  

The observa t ions   g ive  a d i r e c t   i n d i c a t i o n   o f   t h e   i r r e g u l a r i t y  
i n   t h e   d i s t r i b u t i o n   o f   t h e   c l u s t e r s  and  groups  of  galaxies. To a 
ce r t a in   deg ree   t hese   can   be   exp la ined   by   t he   ex i s t ence   o f   supe r   ga l ax ie s .  
I n   a d d i t i o n ,  i t  i s  p o s s i b l e   t o   c o n s i d e r   t h a t  we observe  not  far  from 
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us  only a few i so l a t ed   c louds   cons i s t ing  of a great .number of conden- 
sa t ions .   Thereby  i t  was  e s t a b l i s h e d   r e l i a b l y   t h a t   o n l y   t h e   e x i s t e n c e  
of t he   l a rge   c loud   i n   t he   sou the rn   sky   r anges   f rom R = 160' t o  240' when 
b = -400 .* 

From t h e s e  two f a c t s  w e  assume the   s econd   a l t e rna t ive ;  i . e . ,  super  
ga l ax ie s   ex i s t   bu t   t he   d i s t ance   be tween  them i s  approximately  the 
same as the i r   d i ame te r s .  

/9 

* 
The i r r e g u l a r i t y   i n   t h e   d i s t r i b u t i o n  of galaxies   throughout   the 

sky ,  apart  from t h a t  which i s  caused by the   absorp t ion   in   our   ga laxy ,  
is  c l e a r l y  shown i n   t h e   c a s e  of ga l ax ie s  of the  catalogue  of  Shapley 

and Ames (spec i f ic   magni tude   13m.0) .   This   i r regular i ty  i s  pr imar i ly  
connected  with  the  exis tence  of  a loca l   supe r   ga l axy .  The i r r e g u l a r i t y  
i s  even more c l e a r l y   e x p r e s s e d   i n   t h e   r e s u l t s   o f   t h e   c a l c u l a t i o n s   o f  

Shane and Wirtanen  (specific  magnitude  18m.4).   Thereby,  the non- 
homogeneities are s t i p u l a t e d  on a small scale by a concentrat ion  of  
g a l a x i e s   i n   c l u s t e r s .  However, t h e r e  are larger  homogeneities  which 
are caused by a tendency  of  the  clusters  to  form  groups  which are 
similar to   t he   supe r   ga l ax ie s   p rev ious ly   d i scussed .  

In   accordance   wi th   the   da ta   o f  Zwicky  and o the r   au tho r s ,   i r r egu-  
l a r i t i es  i n   t h e   d i s t r i b u t i o n   o f   g a l a x i e s  are e x t e n d e d   t o   t h e   l i m i t s  
t h a t  are a t t a i n a b l e   w i t h   t h e   h e l p  of the  Palomar  Schmidt  type  telescope 

(a lmost   to  20m) . It is  poss ib l e  , as an   example ,   to   po in t   ou t   l a rge  
clouds  of   galaxies   in   the  region  of   the  c luster   of   Corona  Boreal is .  
However, for   the   s tudy   of   the   t endency  of c l u s t e r s   t o   c o n g r e g a t e ,   t h e  
r e sea rch  on t h e   d i s t r i b u t i o n  of t h e   c e n t e r s   o f   g a l a c t i c   c l u s t e r s  is of 
g r e a t   i n t e r e s t .  Such r e sea rch  was conducted by  Able  according  to 
photographs  of  the  Palomar Atlas. H i s  resu l t s   conf i rmed  the  non- 
homogeneity i n   t h e   d i s t r i b u t i o n   o f   c l u s t e r s .  

Zwicky cons ide r s   t he  main  cause of the  non-homogeneity 
o b s e r v e d   i n   t h e   d i s t r i b u t i o n   o f   c l u s t e r s  , i .e. , t h e   f l o c c u l e n t   s t r u c t u r e  
o f   t he   abso rben t   i n t e rga lac t i c   dus t .  H i s  arguments i n   f a v o r  of i t s  
p r e s e n c e   i n   s p e c i f i c   d i r e c t i o n s   o f   i n t e r g a l a c t i c   a b s o r p t i o n   e v i d e n t l y  
were convincing. However, no t  a l l  o f   t he   dev ia t ion  from  homogeneity 
can  be  explained  by  this.   Therefore,  i t  i s  necessa ry   t o   cons ide r   t he  
t r u e   T r r e g u l a r i t y   i n   t h e   d i s t r i b u t i o n  of g a l a x i e s   f a r t h e s t  away from 
us.  
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Although  the  exis tence  of   individual   galaxies   must   be  accepted,  
the   fo l lowing   ques t ions   remain   unc lar i f ied :  What percentage of the 
c l u s t e r s  of g a l a x i e s   e n t e r s   i n t o   t h e s e   s y s t e m s  of  higher  order? Is the 
tendency  of two known types   o f   c lu s t e r s   ( sphe r i ca l  and d i f f u s e )   t o  
congrega te   i den t i ca l ly   s t rong?  It w i l l  be   poss ib l e   t o  answer these  
ques t ions   on ly   on   the   bas i s   o f  more de ta i led   photometr ic  and s t a t i s t i c a l  
i n v e s t i g a t i o n s .  

b) To what  degree  do  galaxies  of  low  luminosity  duplicate  the 
spa t ia l  d i s t r i b u t i o n   o f   g a l a x i e s  of  high  luminosity? As w a s  previously 
ind ica t ed ,   t he   concen t r a t ion   o f   ga l ax ie s   i n   c lu s t e r s  is  w e l l  e s t a b l i s h e d  
fo r   ob jec t s   o f   h igh   l uminos i ty .  However, ob jec t s   o f  low luminosi ty ,  
beginning   wi th   d i s tances   o f   severa l   mi l l ion   parsecs ,  w i l l  d e f i n i t e l y  
be l o s t  among ga lax ies   in   the   remote   background,  and t h e   s o l u t i o n  of /10 
t he   p rob lem  r e l a t ive   t o  them encounters  known d i f f i c u l t i e s .  However, 
concerning one class of   ob jec ts   o f  low luminos i ty ,   p r imar i ly   ga lax ies  
of a low s u r f a c e   b r i g h t n e s s ,   t h e r e  are some things  that   can  be  concluded 
on   the   bas i s   o f   the   resu l t s   o f   the  work of Reyves who e s t a b l i s h e d   t h a t  
t h e   d i s t r i b u t i o n  of ob jec t s   o f  low s u r f a c e   b r i g h t n e s s   i n   t h e  c lus te r  
Virgo   roughly   dupl ica tes   the   d i s t r ibu t ion  of ga lax ies   o f   h igh   luminos i ty .  
On the   o ther   hand ,  we cannot  say  whether  the  galaxies of  low su r face  
br ightness   (systems of the   type   in   Sculp tor   o r   Zwicky ' s   ob jec t   in  
Capricorn)   contain a gene ra l   Me taga lac t i c   f i e ld   o r  are concen t r a t ed   i n  
c l u s t e r s  and groups.  

c )  The super  galaxies  which were previously  mentioned, are 
ob jec t s   w i th   d i ame te r s  of approximately  20,000,000 parsecs. I f   t h e y  
a p p e a r  t o  be   t he   l a rges t   i nhomogene i t i e s   i n   t he   d i s t r ibu t ion   o f   ga l ax ie s ,  
i t  might  be  expected  that spa t i a l  ce l l s   wi th   d imens ions   o f  50 o r  
100,000,000 parsecs w i l l  be   approximate ly   equal   in   the   quant i ty   o f  
matter (ga l ax ie s )   con ta ined   i n  them.  However, i t  i s  p o s s i b l e   t h a t   i n -  
homogenei t ies   ex is t  on a much l a r g e r  scale. This  problem  can  be 
reso lved   on ly   on   the   bas i s   o f   research   on   the   d i s t r ibu t ion   of  weak 
c l u s t e r s  of ga l ax ie s  (up t o  a magnitude of  21m) o r   on   t he   bas i s  of 
i n v e s t i g a t i o n   o n   t h e   d i s t r i b u t i o n  of e x t r a g a l a c t i c   s o u r c e s  of r a d i o  
sources .  The so lu t ion   of   th i s   p roblem i s  extremely  important   for   bui ld-  
ing   the   foundat ion   for   those   o ther   cosmologica l   theor ies .  A t  the   p resent  
t i m e  i t  is  on ly   poss ib l e   t o  s ta te  t h a t   t h e r e  are no i n d i c a t i o n s   t h a t  
the  cosmologist 's   postulate  concerning  the  homogeneity i s  j u s t i f i e d .  

d) It w a s  previously  ment ioned  that   there  i s  good e v i d e n c e   i n  
favor   of   the   exis tence of i n t e r g a l a c t i c   d u s t  matter. In   connec t ion  
w i t h   t h i s ,  i t  fo l lows   t ha t   t he re  i t  i s  d e s i r a b l e   t o   i n v e s t i g a t e  a l l  
a s p e c t s   o f   i n t e r g a l a c t i c  matter. It is  now p o s s i b l e   t o   d i s c u s s   t h e  
r e a l i t y   o f   c e r t a i n   o f   t h e s e  forms: 

1. The b r i g h t   i n t e r g a l a c t i c  matter sometimes f i l l i n g   t h e  
c e n t r a l   p o r t i o n   o f   t h e  space occupied  by  galact ic  
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c l u s t e r s .  All d a t a   i n d i c a t e   t h a t   t h i s   b r i g h t   s u b s t a n c e ,  
as w e l l  as the   b r idges  and c rossp ieces   o f t en   obse rved   i n  
pa i r s  o f   ga l ax ie s ,  is composed  of stars. 

2 .  I n t e r g a l a c t i c   g l o b u l a r   c l u s t e r s .   C e r t a i n   o f   t h e s e  were 
observed a t  d i s t a n c e s   g r e a t e r   t h a n  100,000 parsecs. 

3 .  G i a n t   c l o u d s   o f   r e l a t i v i s t i c   e l e c t r o n s   e j e c t e d  from  the 
in t e r io r s   o f   ga l ax ie s .   Fo r   example ,   t he   r ad io   sou rce  
a -Cen tau r i   cons i s t s   o f   t h ree  similar clouds  and  a-Cygnus 
cons i s t s   o f  two. The dimensions  of  each  of  these  clouds 
exceeds  the  dimensions  of  normal  galaxies.  Many of these  
clouds  undoubtedly were d i s p e r s e d   i n   i n t e r g a l a c t i c   s p a c e .  

4 .  Absorbent  dust  matter. There are no d a t a  on  the  dimen- 
s i o n s  of ind iv idua l   c louds   o f   dus t  masses. 

5 .  The neut ra l   gaseous  masses, which are however,  present 
i n   s u c h  small q u a n t i t i e s   t h a t   t h e   r a d i a t i o n   w h i c h   t h e y  
emit ( f o r   e x a m p l e ,   i n   t h e   l i n e  X = 21 cm)  has  not  been 
successfu l ly   observed .  /11 

There i s  no  doubt  that   each  of  these  forms  of  inter-  
g a l a c t i c  matter merits s p e c i a l   i n v e s t i g a t i o n .  

11. Principal   Facts   Concerning  Kinematics  and Dynamics 
i n   t h e  Systems  of  Galaxies 

Our knowledge  of  motions in   t he   un ive r se   o f   ga l ax ie s  is  l imi t ed  
to   i n fo rma t ion  on the   r ad ia l   ve loc i t i e s   o f   app rox ima te ly  1,000 ga lax ie s .  
We have no information a t  a l l  conce rn ing   t angen t i a l   ve loc i t i e s .  However, 
ex is t ing   da ta   on   rad ia l   ve loc i t ies   which   have   been   ob ta ined   a lmost  
e n t i r e l y  by the  Mount Wilson,  Palomar,   and  Lick  Observatories,   confronts 
us wi th   the   mos t   d i f f icu l t   p roblems  ever   encountered   in   as t ronomy.  

The sum to ta l   o f   obse rved   ga l ax ie s  is  a p a r t  of a more grandiose 
system  which we ca l l  the  Metagalaxy.  This  concept  of a Metagalaxy is  
val id   independent ly   of   the   solut ion  to   the  problem  concerning  the 
ex i s t ence  of ga l ax ie s   ou t s ide   t h i s   sys t em.  The expansion  of  the Meta- 
galaxy i s  the  most   important   factor   es tabl ished on the   bas i s   o f   our  
i n fo rma t ion   conce rn ing   r ad ia l   ve loc i t i e s   o f   ga l ax ie s .  

Hubble's l a w ,  der ived  from empirical d a t a  
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i s  ma in ta ined   w i th   accu rac i e s   t o  small dev ia t ions   fo r   t he   va lues  
of r approaching  almost 2 b i l l i o n  parsecs. This  l a w  relates the  approx- 
imate homogeneity  of  the  observed  expansion. A l l  a t t e m p t s  t o   f i n d  some 
other   explanat ion  (other   than  the  Doppler  effect)  f o r   t h e   r e d   s h i f t  
p r o v e d   t o   b e   a r t i f i c i a l  and  unsuccessful .   Therefore ,   in   the  examinat ion 
of  any  problem  concerning  the  nature,  and e spec ia l ly   t he   evo lu t ion ,  of 
the  Metagalaxy  the  expansion phenomenon must be   t aken   i n to   cons ide ra t ion .  

Of course,   Hubble 's  law i s  o n l y   v a l i d  on the   ave rage .   In   add i t ion  
to   t he   ve loc i ty   de t e rmined   acco rd ing   t o   Hubb le ' s   fo rmula ,   each   c lus t e r  
of   ga lax ies  and e a c h   g a l a x y   i n   r e l a t i o n   t o  i t s  cen te r   o f   g rav i ty   has  
i t s  own c h a r a c t e r i s t i c   v e l o c i t i e s .  

Thus, i n   t h e   L o c a l  Group  where dis tances   between  galaxies  are 
small, re la t ive  v e l o c i t i e s  are determined  mainly by t h e   c h a r a c t e r i s t i c  
motion  of   the  individual  members.  However, t h e   c l o s e s t   c l u s t e r s   o f  
ga l ax ie s  and the   c loses t   ou ter   g roups   recede  from us .  This t e s t i f i e s  
t o   t h e  small m a g n i t u d e   o f   c h a r a c t e r i s t i c   v e l o c i t i e s  of t h e s e   c l u s t e r s  
and groups as compared t o   t h e   s y s t e m a t i c   v e l o c i t i e s  of t h e i r   r e c e s s i o n  
according  to  Hubble 's   formula.  

The numerical   value of the   cons tan t ,  H ,  i s  q u i t e   s i g n i f i c a n t  /12 
s ince   t he  knowledge  of i t  p e r m i t s  t he   de t e rmina t ion   o f   t he   d i s t ance   t o  
the  most   remote  c lusters .   Unfortunately,   th is   value i s  no t   accu ra t e ly  
known. Accord ing   t o   t he   r e su l t s  of  Sandage  (1958)  the  probability i s  
h i g h   t h a t  i t  l i es  somewhere wi th in   t he  limits of 

60 km/sec M parsecs  < I! < 140 km/sec - M parsecs 

and wi th  a c e r t a i n   r i s k   t h a t  i t  i s  included  between 

70 km/sec * M parsecs  < H < 100 km/sec - M parsecs 

The problems  re la ted  to   the  determinat ion  of  H are not   considered.  It 
i s  mere ly   s ta ted   tha t ,   under  a l l  condi t ions,   Hubble 's  l a w  p e r m i t s  a 
good eva lua t ion  of t h e   r e l a t i v e   d i s t a n c e s .  

The second  important   fact   concerning  the  motion  of   galaxies  i s  
the  presence  of some d i s p e r s i o n   i n   t h e   v e l o c i t i e s   o f   t h e   g a l a c t i c  
c l u s t e r s  which is  c o n n e c t e d   t o   t h e   i n t e r n a l   m o t i o n s   i n   t h e s e   c l u s t e r s .  

I f  a c l u s t e r  i s  found i n  a s t a t i o n a r y  s ta te  o r  , a f t e r   t h e  lapse 
of a c e r t a i n  t i m e ,  should   en ter  a s t a t i o n a r y  s ta te ,  then  i t s  t o t a l  
energy, E ,  should  be  negative: 
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E = T + U < O ,  

where T and U are, r e s p e c t i v e l y ,   t h e   k i n e t i c  and the   po ten t i a l   ene rgy  
o f   t he   sys t em.   I f  E > 0 t hen   t he   sys t em  canno t   en t e r   i n to  a s t a t i o n a r y  
state and a t  least  part  of i t s  members must   approach   in f in i ty .  

Recent   invest igat ions  have shown t h a t ,   f o r   c e r t a i n   g r o u p s  and 
mult iple   systems,   the  kinet ic   energy  of   internal   motion,   which i s  
de te rmined   accord ing   to   the   rad ia l   ve loc i t ies   exceeds  many times the  
probable   value  of   the  absolute   magni tude  of   potent ia l   energy  calculated 
assuming that   the   fundamental  mass o f   t h e   c l u s t e r  is  c o n c e n t r a t e d   i n  i t s  
ga lax ie s  and t h a t   t h e   r e l a t i o n   o f   t h e  mass to   t he   l uminos i ty  is f = M/L 
f o r  a given  type  of  galaxy  of  the same order  as i n   t h o s e   c a s e s  where 
t h i s   r e l a t i o n s h i p  i s  de te rmined   on   the   bas i s   o f   inves t iga t ions  of the 
r o t a t i o n  of ga l ax ie s .  From t h i s  came t h e   c o n c l u s i o n   t h a t   c e r t a i n  
groups   and   c lus te rs   have   pos i t ive   energy   and   should   d i sperse   in  space. 
It was n e c e s s a r y   t o  make such a d e d u c t i o n ,   f o r   e x a m p l e ,   r e l a t i v e   t o   t h e  
c l u s t e r s   o f   t h e   g a l a x i e s   i n   V i r g o  and Hercules ,  and f o r  a comparatively 
near  group i n   S c u l p t o r .  The l a t t e r  c a s e ,   a n a l y z e d   i n   d e t a i l  by 
de  Vaucouleurs, was e s p e c i a l l y   s t r i k i n g   s i n c e   t h e   k i n e t i c   e n e r g y   e x c e e d e d  
the   e s t ima ted   abso lu t e   va lue   o f   t he   po ten t i a l   ene rgy  by a f ac to r   o f  one 
and a h a l f   o r  two. Since   pos i t i ve   ene rgy   shou ld   l ead   t o   t he  /13 
recess ion   of  a par t  of   the members of t he   c lus t e r ,   and  sometimes the  
comple te   d i spers ion   of   the   c lus te r ,  i t  i s  p l aus ib l e   t o   imag ine   t ha t  
t he re  i s  someth ing   in  common between  the phenomenon of   non-stat ionary 
c lus t e r s   on   one  hand  and  the phenomenon of the  expansion  of  Metagalaxies 
on the   o the r .  

The systems  of  the  type  of  the  Local  Supergalaxy  should  play  an 
i n t e r m e d i a t e   r o l e   i n   t h i s   a t t i t u d e .  As i s  known, i t s  component parts 
recede  from  one  another.   For  example,   the  cluster  in  Virgo,  or a group 
connected  with M 81 i s  receding  from  the  Local Group of   ga lax ies .  

What was sa id   conce rn ing   t he   t o t a l   i nne r   ene rgy   o f   t he   c lus t e r s  
o f   g a l a x i e s   a l s o   r e m a i n s   c o r r e c t   r e l a t i v e   t o   t h e   m u l t i p l e   s y s t e m s .  
Evident ly ,  some mul t ip l e   sys t ems   have   ove r -a l l   pos i t i ve   ene rg ie s .  These 

systems are from lo9  t o  5 10  years   old.  9 

However, r e g a r d l e s s   o f   t h e   s i g n   o f   t h e   t o t a l   e n e r g y ,  one more 
p e c u l i a r i t y   o f  a l l  mu l t ip l e  ( t r i p l e ,  quandruple,  e tc . )  ga l ax ie s  draws 
a t t e n t i o n   t o   i t s e l f .  As i s  known, an  overwhelming  majority of 
mul t ip l e  stars has   configurat ions  of   the  "ordinary"  type,   whi le   the 
conf igura t ions  of t he  "Trapezium  of  Orion"  type  comprise  an  insignif- 
icant   percentage  (about  10%). Among the   mu l t ip l e  galaxies approxi- 
mately  half   of  the  systems  have  configurations  of  the  Trapezium  type.  
Since  the  systems  of  the  Trapezium  type as a r u l e  are uns t ab le ,  we can 
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conclude  that   the  t i m e  which  has  passed  since  the  formation  of  these 
multiple  groups  does  not  exceed by  more than   severa l   t imes   the   per iod  
of i t s  convers ion   in to   such  a mult iple   system,  which  in   turn i s  about 

10 t o  5 - 10 years   o ld .  9 9 

F i n a l l y ,  i t  should  be  mentioned  that   assumption  of  the  negativity 
of the   energy  of  a l l  double   galaxies   sometimes  leads  to   incredibly 
la rge   va lues  of t he  component masses (Page).   Therefore,   there i s  a 
bas is   for   assuming  tha t   cer ta in   double   ga lax ies   a l so   have   pos i t ive  
energy . 

In  the  overcrowded  systems , such as t h e   r a d i o   g a l a x i e s ,   s i g n i f -  
i c a n t   d i v e r s i t i e s  of v e l o c i t i e s   o f   t h e  components are observed.  For 
example, i n   t he   r ad io   ga l axy   Pe r seus  A ,  th i s   d i f fe rence   reaches   3 ,000  
km/sec,   and  these  pairs   therefore   possess   posi t ive  energy.   In   our  
opinion,  we consider  the  formation  of  such a p a i r  as from a s i n g l e  
galaxy . 

The fur ther   accumulat ion of d a t a  on t h e   r a d i a l   v e l o c i t i e s   o f  
ga lax ies  permi ts  t h e   s o l u t i o n  of many unsolved  problems  concerning  their 
kinematics and dynamics.   Certain of these  unsolved  problems  are 
described  below. 

a) A more accurate   determinat ion of the   cons tan t   in   the   l aw of 
the   red   sh i f t .   This   des igna tes   an   increase   in   accuracy   for  the s c a l e  
of e x t r a g a l a c t i c   d i s t a n c e s .  

b) The de termina t ion  of the  nature  of  the  dependence  of  the /14 
r e d   s h i f t  on d is tance   wi th   very   l a rge   va lues   for   the   l a t te r .   Undoubtedly  
we mus t  observe  the  violat ion  of   l inear   dependency.  However, for   the  
solution  of  fundamental   cosmological  problems, i t  i s  extremely  important 
t o  know on  which s ide   t he   t endency   t o   s t r ay  from l i n e a r i t y   o c c u r s ,  and 
whether  the  magnitude  of  this  tendency i s  dependent  of  direction. 

c )  It i s  very   impor tan t   to   de te rmine   the   charac te r i s t ic  
ve loc i t i e s   o f   t he   cen te r s   o f   g rav i ty  of ind iv idua l   c lu s t e r s   o f   ga l ax ie s ;  
' tha t  i s ,  t h e i r   t e n d e n c y   t o   s t r a y  from  the  observed  velocit ies  taken 
from the   Hubble   formula .   This   has   essent ia l   s ign i f icance   for   the  
s o l u t i o n  of  problems  concerning  genetic  bonds  between  neighboring 
c l u s t e r s .  As for   the   de te rmina t ion   of   the   ind ica ted   t endencies   to   s t ray ,  
i t  i s  necessary  to   be  able   to   determine more accurately  the  dis tances   of  
remote  c lusters   independent  of Hubble's l a w .  

d)   For   the  solut ion  of  many problems  on  the  dynamics of t he  
c lus t e r s   o f   ga l ax ie s  and mul t ip l e   ga l ax ie s  i t  is  necessary   to  be ab le  
to  determine  the  masses  of  the la t ter .  Unfo r tuna te ly ,   i n   t he   ca se   o f  
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remote   ga lax ies   en te r ing   the   ind ica ted   sys tems,  we determine  the masses 
s t a t i s t i c a l l y   s u r m i s i n g   t h e   n e g a t i v i t y   o f   t h e   e n e r g y ,  and a l s o   t h e  
a p p l i c a b i l i t y   o f   t h e  v i r ia l  theorem. It is  necessary   to   de te rmine   the  
masses of t he   ga l ax ie s   w i th in   t he   c loses t   c lu s t e r s   i ndependen t ly  from 
t h i s   s u p p o s i t i o n .   I n   a d d i t i o n ,  i t  i s  n e c e s s a r y   t o   f i n d   t h e   e x t e n t   t o  
which   the   eva lua t ions  are v a l i d ,  a t   least  i n s o f a r  as t h e  maximum 
magnitude i s  concerned, i n   t h e   p o s s i b l e   i n t e r g a l a c t i c  masses of  each 
system  (cluster   or   group)  . 

e) The d i s p a r i t y  between  the mass of a system  determined  from 
t h e   v i r i a l  theorem  and  the mass found  from the   eva lua t ion  of i nd iv idua l  
members of   the   sys  t e m  i s  v e r y   s t r i k i n g .   T h i s  was e s t a b l i s h e d   i n   t h e  
c a s e   o f   c e r t a i n   d i s p e r s e d   c l u s t e r s  and groups  of  galaxies  (of  the 
c l u s t e r   i n   V i r g o ,   H e r c u l e s ,  a group  of   ga lax ies   in   Sculp tor ,   Leonis ,  
e t c . ) .  On the   o ther   hand ,   accord ing   to  Zwicky, l a r g e   s p h e r i c a l   c l u s t e r s  
show no  expansion  s igns.  

For  the  complete  solution  of  this  problem i t  i s  necessa ry   t o  
o b t a i n   t h e   l a r g e s t   p o s s i b l e  number o f   r a d i a l   v e l o c i t i e s   i n   s e v e r a l  of 
t h e   c l o s e s t   l a r g e   s p h e r i c a l   c l u s t e r s .  

111. The Principal   Facts   Concerning  the  Nature   of   Galaxies  
and The i r   C lus t e r s  

Observations show t h a t   t h e  forms  and i n t e r n a l   c h a r a c t e r i s t i c s   o f  
t he   ga l ax ie s  are ex t r eme ly   d ive r se .   In   o rde r   t o   de t e rmine   t he   na tu re  
of g a l a x i e s ,  i t  is  extremely  necessary  to   have a su f f i c i en t ly   comple t e  
and s i m p l e  sys t em  o f   t he   c l a s s i f i ca t ion   o f   ga l ax ie s .  It i s  d e f i n i t e l y  
ev iden t   t ha t   t he  more profound  phys ica l   meaning   tha t   the   c r i te r ia  /15 
used as a b a s i s   o f   t h i s   c l a s s i f i c a t i o n   h a v e ,   t h e  more use fu l  i t  w i l l  
be fo r   t he   so lu t ion   o f   t he   ques t ions  of ex t raga lac t ic   as t ronomy.  

The c l a s s i f i c a t i o n  of  Hubble,  the  most  widely  accepted  of  our 
time, is  founded  on the   s tudy   o f   t he   ex t e rna l  form  of  observed  galaxies. 
It has  proved t o  be   excep t iona l ly   u se fu l   i n   r e l a t ion   t o   t he   ove r -  
whelming ma jo r i ty   o f   ga l ax ie s ,  and a l l  of   our   present   information i s  
r educed   t o   t he   da t a   conce rn ing   t he   ex te rna l   fo rms ,   t he   i n t r in s i c  
b r i l l i a n c e ,  and t h e   v i s i b l e   d i a m e t e r .  The la t te r  two parameters are 
n o t   i n   t h e m s e l v e s   c h a r a c t e r i s t i c  of the  system as long as the   d i s t ance  
i s  unknown. However, w i t h i n   r e c e n t   y e a r s ,  i t  has become p o s s i b l e   t o  
estimate the   abso lu t e   b r igh tness  and l i nea r   d i ame te r   o f  a ve ry   l a rge  
number of g a l a x i e s   i n c l u d e d   i n t o   r i c h   c l u s t e r s  inasmuch as i t  became 
known t h a t   t h e   b r i g h t e s t  members o f   t hese   c lus t e r s  are always  super 
giants ,   the   absolute   magni tudes  of   which are approximately -21m - 0. 
Comparing th i s   abso lu te   magni tude   wi th   the   v i s ib le   magni tude   o f   the  
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b r i g h t e s t  members, we can   rough ly   eva lua te   t he   d i s t ance ,  as w e l l  as 
the  luminosity  and  absolute  dimensions  of a l l  remaining members. As 
was i n d i c a t e d   i n   t h e   b e g i n n i n g   o f   t h i s   r e p o r t ,   t h e   r a n g e   o f   l u m i n o s i t y  
o f   t h e   g a l a x i e s   i n   c l u s t e r s  is  ve ry   l a rge .   Gradua l ly ,  i t  became c l e a r  
t h a t   t h e  class of   the  luminosi ty   of  a given  galaxy  (super   giants ,  
o b j e c t s  of   moderate   luminosi ty ,   dwarfs ,   or   objects   of   extremely low 
luminos i ty   o f   the   type   o f   ob jec t   o f  Zwicky i n  Capricorn) i n  many cases 
has a grea te r   s ign i f icance   than   even  i t s  form. Let  us  mention  once 
aga in   tha t   the   super   g ian t   ga laxy   conta ins   t ens   o f   mi l l ions  more stars 
than  any  galaxy  of  extremely  low  luminosity. 

For the   unders tanding   of   the   charac te r i s t ics   o f  a galaxy,   the  
s tudy  of t he   na tu re   o f  i t s  c e n t r a l   r e g i o n   a n d ,   i n   p a r t i c u l a r ,   t h e  
problem  of  the  presence  of a central   nucleus  which i s  small i n  magnitude 
h a s   g r e a t   s i g n i f i c a n c e .  It i s  d e s i r a b l e   t h a t  new a t t e m p t s  t o   c o n s t r u c t  
a c l a s s i f i c a t i o n   s h o u l d   c o n s i d e r   t h e   s i g n i f i c a n c e  of luminos i ty ,  and 
a l so ,   tha t   the   ass ignment   o f   c lass   should   de te rmine   the   ro le   o f   the  
c e n t r a l  pa r t s  a n d ,   i f   p o s s i b l e ,   t h e   n u c l e u s   i t s e l f .   F i n a l l y ,  i t  i s  
p o s s i b i e   t h a t   t h e r e  are o t h e r  s t i l l  unknown parameters which are 
ex t remely   impor tan t   for   the   descr ip t ion  of the  s t a t e  of galaxy. 

Recen t ly ,   t he   p roposed   c l a s s i f i ca t ion  by  Morgan, t ak ing   i n to  
cons ide ra t ion   t he   concen t r a t ion  of t he   l uminos i ty   t o  a known degree,  
answers  one  of  these  hopes. However, the  assignment of  Morgan's class 
leaves  the  luminosi ty   undetermined.   In   the  recent   works  of   van  den  Bergh 
an a t t e m p t  w a s  made t o   i n t r o d u c e  a parameter from  an  observed  form  of 
the  galaxy,   but   in   essence  determining i t s  luminosity.   This i s  a very  
success fu l   p r inc ip l e .   Unfo r tuna te ly ,  however, t h e   c l a s s i f i c a t i o n  of 
van  den  Bergh i s  no t   un ive r sa l  and  encompasses only   the  spirals  of the  
la tes t  types .  It i s ,  t h e r e f o r e ,   n e c e s s a r y   t o  assume t h a t ,   i n   t h e   f u t u r e ,  
new c l a s s i f i c a t i o n s  w i l l  be  proposed.  These w i l l  pose  the  question  of 
de t e rmin ing   t he   e s sen t i a l  parameters of   each  galaxy.  

The most  important  accomplishment  of  the  second  quarter  of /16 
our   century w a s  t he   i n t roduc t ion   o f   t he   ex i s t ence   o f   subsys t ems   i n  
galaxies  (Lindblad,  Kukarkin,  and  Baade)  and d ive r se   t ypes  of s te l la r  
p o p u l a t i o n .   I n   c e r t a i n   g a l a x i e s ,   f o r  example i n   t h e   s y s t e m s   o f   t h e  EO 
type,  we have a suff ic ient ly   large  homogenei ty   of   populat ion.   In   such 
cases i t  can   be   s t a t ed   t ha t   t he   en t i r e   ga l axy  is  composed  of only  one 
subsystem.  This is  p a r t i c u l a r l y   t r u e   i n   r e l a t i o n   t o   s u c h  members of 
the  Local Group as the   sys t em  in   Scu lp to r  and the   ga l ax ie s  M 32 and 
NGC 147 .   Ev iden t ly ,   con t r a ry   t o   t he   op in ion   o f  Baade, we do  not   consider  
a l l  such  systems  to   be composed e n t i r e l y  of type I s tar  popu la t ion   ( t he  
p o p u l a t i o n   o f   s p i r a l  arms). However, i n  many cases, these   ga l ax ie s  are, 
i n   f a c t ,   s u p e r p o s i t i o n s   o f  two o r  more subsys tems  conta in ing   d iverse  
types  of   populat ion.  
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Thus ,   the   l ens- l ike   ga lax ies  (SO) are composed of two subsystems 
which are, i n   t u r n ,  composed of a s te l lar  popula t ion   of  a g lobular  
component  and a d i s c .   G i a n t  spirals  of   the  M 31 type are composed of a 
globular  component, a d i s c ,  and sp i ra l  arms. It i s  p o s s i b l e   t h a t  a more 
d e t a i l e d   d i v i s i o n  i s  necessary.  For  us,  however, i t  i s  impor t an t   t ha t ,  
i n   t h e   g i v e n  case, various  subsystems are superposed. 

Ava i l ab le   da t a   i nd ica t e   t ha t   t he   popu la t ions  of various  subsystems 
t rave l   d iverse   independent   pa ths   o f   evolu t ion .  

There i s  a .bas i s   fo r   cons ide r ing   t ha t   t he   ave rage   age   o f  stars 
of var ious  subsystems is  a l s o   d i v e r s e .  It i s  a c c e p t e d   t h a t ,   i f   t h e  
dynamic i n t e r a c t i o n  i s  not   cons idered ,   each   of   the   subsys tems  l ives  
i t s  own i n d i v i d u a l   l i f e .   T h i s  i s  pa r t i cu la r ly   impor t an t   because   o f   t he  
d e s c r i p t i o n  of ga l ax ie s  as component  systems  having  been  derived as the  
r e s u l t   o f   t h e  s i m p l e  supe rpos i t i on  of subsystems. 

Concerning  the  re la t ive  independence  of   diverse   subsystems  enter ing 
into  the  composition  of  one  and  the same galaxy,  i t  has   been  asser ted 
tha t   the   degree   o f   deve lopment   o f   one   o f   the   subsys tems  ( in  a sense  of  
the  r ichness  of  the  subsystem and i t s  dimension) is  not  dependent  on  the 
degree  of  development  of  the  other  subsystem. 

Thus, for  example,   the  globular  subsystem of the  galaxy M 31, 
by i t s  d e n s i t y  and  dimensions,   does   not   dis t inguish  i tself   f rom  the 
normal  galaxy  of  the EO type,   which  possesses  an  absolute  magnitude  of 

about -19" . 0 .  Meanwhile, t he  l a t t e r  does  not   contain  the  populat ion 
of a f l a t   s u b s y s t e m  and sp i r a l  arms, while  M 31 has  conspicuous sp i ra l  
arms and a r i c h l y   p o p u l a t e d   d i s c .  

Ho ld ing   t h i s   po in t  of  view,  those  systems  which  occupy  an  inter- 
media te   pos i t ion ,  i . e . ,  t h o s e   i n  which  one of the  subsystems i s  
developed  very  f i rmly  while   the  other  i s  comparatively  poor,  are a l s o  of 
i n t e r e s t .  A remarkable  example  of  this is  NGC 5128 ( rad io   source  /17 
Centaurus A) which,  on  overexposed  photographs, becomes a g i a n t  
e l l i p t i c a l  galaxy.  However, i n  i t s  c e n t r a l  p a r t ,  i t  con ta ins  a weakly 
developed f l a t   subsys t em  in to   wh ich  much of   the  absorbent   substance 
goes. As  was shown in   t he   i nves t iga t ions   o f   Be rb idge  and wi fe ,  
based   on   the   measurements   o f   rad ia l   ve loc i t ies   in   th i s   f la t   subsys tem,  
the   equa to r i a l   p l ane  of t he  la t ter  i s  approximate ly   perpendicular   to  
t he   equa to r i a l   p l ane   o f   t he   e l l i p t i ca l   subsys t em.   Th i s  i s  a good 
i l l u s t r a t i o n  which  confirms  the  independence  of  the  subsystem.  Another 
interest ing  example is  the  galaxy NGC 3718.  The sp i ra l  arms o f   t h i s  
galaxy  possess l i t t l e  prominence;  however,  unlike NGC 5128,  they  extend 
f a r  beyond the  l imits of   the  volume  occupied  by  the  globular  subsystem. 
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In   t h i s   ga l axy ,   t he   p l ane   o f   t he   concen t r a t ion   o f   t he   da rk  matter 
i s  inc l ined  toward the   equa to r i a l   p l ane   o f   t he  e l l i p t i c a l  subsystem by 
approximately 25 degrees .   This   a lso  speaks  for   the  independence  of   the 
subsystem. 

It may have   been   poss ib le   to   b r ing   in   cont ra ry   examples  when the  
spherical   subsystem was weakly  developed  and  the f l a t  one was f i rmly  
represented .  It i s  e v i d e n t   t h a t   t h e   g r e a t  Cloud  of  Magellan  (Nebecula 
Major)  can  serve as such  an  example.  There is  a sphe r i ca l   subsys t em  in  
t h i s   c l o u d .  It the re fo re   fo l lows ,   i f   on ly  from i t s  p resence ,   t ha t   t h i s  
subsystem  has a t  least 30 g l o b u l a r   c l u s t e r s  similar to   t he   g lobu la r  
c l u s t e r s   i n   o u r   g a l a x y  and i n  M 31 .   Unfor tuna te ly ,   the   o ther   ob jec ts   o f  
spherical   subsystems are d i f f i c u l t   t o   d i s t i n g u i s h  when the   popula t ion  i s  
of a f l a t   n a t u r e .   T h e r e f o r e ,  i t  i s  d i f f i c u l t   t o   s a y   t h a t   t h e   s p h e r i c a l  
component of   the  great   Magel lanic   c loud i s  similar t o  e l l i p t i c a l  systems. 
Judging by t h e   d i s t r i b u t i o n   o f   g l o b u l a r   c l u s t e r s  and by t h e i r  number, 
t h i s   shou ld   be   an   e l l i p t i ca l   ga l axy   o f  a moderate  luminosity (M - -16m) 
possessing a low density  gradient  from  the  center  toward  the  border.  It 
is  known t h a t ,   d u r i n g   t h e   t r a n s i t i o n  from s u p e r   g i a n t   e l l i p t i c a l   g a l a x i e s  
t o   e l l i p t i c a l   g a l a x i e s   o f  a moderate and  low luminos i ty ,   there   occur  more 
and more o f t e n   o b j e c t s   i n d i c a t i n g  a low dens i ty   g rad ien t .  

We spoke  previously  about   the  comparat ively  independent  and d ive r se  
subsystems  enter ing  into  one and the  same galaxy. However, i n  one respect,  
t h e   r e l a t i o n  between  subsystems i s  a lmost   cons tan t ly   observed   r igorous ly .  
We have i n  mind the  presence  of  a common c e n t e r .  The c e n t e r  of the 
globular  subsystems is  c o i n c i d e n t   w i t h   t h e   c e n t e r   o f   t h e   d i s c   a n d ,   i n  
addi t ion,   wi th   the  region  f rom  which  the s p i r a l  arms emerge. As i s  known 
from the  observat ions  of   the   neighboring  galaxies   of   high  luminosi ty ,  
the  nucleus i s  n o r m a l l y   s i t u a t e d   i n   t h e   c e n t e r  and has  dimensions  of 
severa l   parsecs  (less than  the  diameter  of the  common g l o b u l a r   c l u s t e r ) .  
Natural ly   the  thought  arises t h a t   t h e   o r i g i n s  of i nd iv idua l ,   a lmos t  
independent,  subsystems are i n  some  way bound  by the  presence  of  the 
ind ica ted   nuc leus .  

I n   c e r t a i n   g a l a x i e s ,  no traces of nuclei   have  been  discovered. /18 
This i s  the  case  of NGC 185 o r   i n   t h e  case of   the   sys tem  in   Sculp tor .  
However, we w i l l  t u r n   o u r   a t t e n t i o n   t o   t h e   a b s o l u t e   m a g n i t u d e  of t h e  
nuclei   which w e  have  examined. The photographic  magnitude  of  the  nucleus 

of M 31 is  e q u a l   t o  - llm 6 .   I n  M 32, i t  i s  e q u a l   t o  - llm 1. I n  

M 33, we have M = - lom 3 .   I n  NGC 147, w e  have M = - 5m 0 .  The 

impression i s  c rea t ed   he re   t ha t   t he   abso lu t e   magn i tude   o f   t he   nuc leus  
decreases   wi th   the   decrease   o f   the   dens i ty   g rad ien t .   Therefore ,  i t  should 
be  expected that i n  NGC 185,  and in   t he   sys t ems   o f   t he   Scu lp to r   t ype   such  
as may be in   the   Magel lan ic   c louds ,   the   nuc leus   should   have   an   even  

e gn  egn 
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lower   luminos i ty   than   in  NGC 147. If i t  is  on   the   o rder  of M = - 2m, 
Pg 

then i t  is  apparent   tha t   the   nuc leus  w i l l  become l o s t  among the  stars. 
L e t  us no te   t ha t   i n   t he   Mage l l an ic   c louds   t he   nuc le i  w i l l  be imper- 

make a conc lus ive   deduc t ion   abou t   t he   absence   o f   nuc le i   i n   t hese   sys t ems .  
However, i f   t h e   n u c l e i   e x i s t   i n  them, then  they  should  possess  l i t t l e  
prominence. 

It was p rev ious ly   i nd ica t ed   t ha t   t he   concen t r a t ion  of  subsystems 
in   each   ga l axy  i s  s t r i c t l y   o b s e r v e d .  However, t h e r e  are ind iv idua l   ca ses  
of  the  break-up  of  the  concentration. NGC 4438 i n   t h e   c l u s t e r  of  Virgo 
i s  a possible  example  where two subsystems are c l e a r l y   s h i f t e d   r e l a t i v e  
t o  one  another.  

There i s  a c e r t a i n   s i m i l a r i t y  between  galaxies and c lus t e r s   o f  
ga lax ies .   This  i s  e x p r e s s e d   i n   t h e   f a c t   t h a t  , j u s t  as wi th   the   ga lax ies  , 
i t  i s  p o s s i b l e   t o   d i v i d e   t h e  s te l la r  p o p u l a t i o n   i n t o  two bas ic   types .  
It i s  a l s o   p o s s i b l e   t o   a t t r i b u t e   t h e  numbers o f   c l u s t e r s  of g a l a x i e s   t o  
two diverse   types  of   populat ion.  To t h e   f i r s t   t y p e   b e l o n g   t h e  sp i ra l  and 
i r r e g u l a r   g a l a x i e s ;   t o   t h e   s e c o n d ,   t h e   e l l i p t i c a l  and l e n s - l i k e  (SO) 
g a l  ax ies'. 

The r i c h ,   s p h e r i c a l   c l u s t e r s  of ga l ax ie s  of t he   t ype   o f   c lu s t e r  
i n  Coma Berenices   conta in   p r imar i ly  a type I1 popula t ion .  The d ispersed  
c louds   o f   ga lax ies  , similar t o   t h e   n e a r b y   c l o u d   i n  Ursa Major , p r a c t i c a l l y  
con ta in  no e l l i p t i c a l  ga l ax ie s  of h igh   luminos i ty .  The close-by  group 

of g a l a x i e s   i n   S c u l p t o r  (m-M = 27m 0)  , i n v e s t i g a t e d  by de  Vaucouleurs , 
c o n t a i n s   n o t   o n l y   e l l i p t i c a l   g a l a x i e s   b u t   a l s o   g a l a x i e s  of  the SO, Sa ,  
and Sb types.   This  group  contains  only  the spirals  of   the l a s t  subc la s s .  
The s c a t t e r e d   c l u s t e r   i n   V i r g o   c o n t a i n s  s p i r a l  systems as w e l l  as g i a n t  
e l l i p t i c a l  sys  tems. 

The ques t ion  i s  whether   or   not  i t  i s  p o s s i b l e   i n   t h i s  case t o   t a l k  
about   the   superpos i t ion  of d ive r se   sys t ems   i n   one   c lus t e r .  It i s  necessary  
t o   r e c o g n i z e   t h a t   n o t   i n  a l l  cases  are s i g n s   o f   t h e   u n i f i c a t i o n  of two 
quas i - independent   subc lus te rs   observed   in   one   c lus te r .  However, i n  
c e r t a i n   c a s e s ,   t h e r e  i s  very  clear ev idence   i n   f avor  of t h i s .  Thus, i n  
t h e   c l u s t e r  of Coma Berenices ,  one  of t h e   c e n t r a l   g a l a x i e s  (NGC /19 
4874) , which i s  a s u p e r   g i a n t  of the  SO type , i s  c lear ly   sur rounded by 
a symmetrical c loud   o f   e l l i p t i ca l   ga l ax ie s   o f  lesser luminosity.   Super- 
f i c i a l l y ,   t h i s   g r o u p  is  very  similar to   t he   ga l axy  NGC 4486 surrounded by 
g l o b u l a r   c l u s t e r s .  Only i n   t h i s   c a s e ,   t h e   s p h e r i c a l   c l u s t e r s  are 
s u b s t i t u t e d  by e l l i p t i ca l   ga l ax ie s   o f   modera t e   l uminos i ty .  And thus ,  
t h i s  group of e l l i p t i c a l   g a l a x i e s ,   w i t h  NGC 4874 i n   t h e   c e n t e r  , are 
somehow l a i d   o n t o  a r i c h   c l u s t e r   p o s s e s s i n g  a lesser dens i ty   g rad ien t .  
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E v i d e n t l y ,   i n   t h e  case o f   d i s p e r s e d   c l u s t e r s   o f   g a l a x i e s ,  we can 
f i n d  more  phenomena a t t e s t i n g   t o   t h e   s u p e r p o s i t i o n  of individual   groups.  
A very  good example o f   t h i s  i s  the   cha in   o f   b r igh t   ga lax ies  M 84, M 8 6 ,  
NGC 4 4 3 5 ,  NGC 4438  and   o the r s   i n   t he   c lus t e r   o f   V i rgo .  As Markaryan 
ind ica t ed   s eve ra l   yea r s   ago ,   t h i s   cha in  i s  no t  a random format ion   bu t  
was  p laced   on   the   c lus te r   in   Vi rgo  as a cer ta in   independent   group.  

It i s  e n t i r e l y   p o s s i b l e   t h a t   t h e   d i s p e r s e d   c l u s t e r s   o f   g a l a x i e s  
gene ra l ly  are t h e   r e s u l t   o f   t h e   c o m p i l a t i o n   o f   c e r t a i n  similar groups 
which r e s u l t s   i n   t h e i r   i r r e g u l a r  form. 

I n   t h i s   r e l a t i o n s h i p ,  i t  i s  n e c e s s a r y   t o  recall  the   ex i s t ence  of 
c lusters   (or   groups)   which are composed of  one  central   galaxy  surrounded 
by a lesser o r   g r e a t e r  number of   ob jec ts   o f  a low luminosi ty .  The group 
around M 101 i s  a t t r i b u t e d   t o  a number of similar o b j e c t s .  We under l ine  
t h i s   f a c t   b e c a u s e ,   i n   t h e s e   c a s e s ,   t h e   c e n t r a l   g a l a x y  and i t s  weak satel l i tes  
undoubtedly  have a common o r i g i n .  However, i t  is  necessary   to   ment ion  
tha t ,   a long   wi th   these   sys tems,   there  are groups composed almost 
exc lus ive ly   o f   supe r   g i an t s .  The quin te t   S tephan  is  an  example of such 
a group. Around these   supe r   g i an t s ,   con t r a ry   t o   t he   p rev ious   ca se ,  w e  
do not  observe any no t i ceab le  number of ga l ax ie s  of  low luminosi ty .  
However, i t  i s  no t   imposs ib l e   t ha t  a s h a r p   b r e a k   e x i s t s   i n   t h e   f u n c t i o n  
of  luminosity and th i s   sys t em  con ta ins  a c e r t a i n  number of ga l ax ie s   w i th  
absolute  magnitudes  lower  than  the  specific  magnitude  which  can s t i l l  be 
observed. The f a c t s   h e r e ,  combined wi th   those   ment ioned   in   the   beginning  
o f   t h i s   r epor t   . conce rn ing   t he   exc lus ive  s ta te  o f   t he   pos i t i on  M 31 and 
ou r   ga l axy   i n   t he   Loca l  Group, show the   g rea t   cosmogonica l   s ign i f icance  
of the   super   g ian t   ga lax ies   in   g roups  and c l u s t e r s .  

From the  above  said,  i t  i s  a l s o   c l e a r   t h a t ,   t o g e t h e r   w i t h   t h e  
r e s e a r c h   o n   r i c h   c l u s t e r s  of g a l a x i e s ,  i t  i s  extremely  important  to  have 
as much d a t a  as possible  concerning  the  comparatively  poor  groups  and, 
i n   p a r t i c u l a r   t o   c l a r i f y   t h e   p o s s i b i l i t y   o f   t h e   e x i s t e n c e  of i s o l a t e d  
groups,  which are composed exc lus ive ly   o f   ga lax ies   o f  low luminosi ty .  
I f   t h e r e  are no such   groups ,   then   th i s  would mean t h a t ,   i n   t h e  /20 
formation  of  dwarf  galaxies,  the  cosmogonical  processes  occuring i n  
ga lax ies   o f   h igh   luminos i ty   p lay  a d e c i s i v e   r o l e .  

, I n  s p i t e  of c e r t a i n   s u c c e s s e s   i n   t h e   s t u d i e s   o f   t h e   n a t u r e  of 
s te l lar  populat ions of ga l ax ie s  and diverse   subsystems,  i t  i s  s t i l l  
n e c e s s a r y   t o  acknowledge t h e   f a c t   t h a t   m e r e l y   t h e   f i r s t  s teps  have  been 
t a k e n   i n   t h i s   d i r e c t i o n .  

It i s  necessary   to   have   fur ther   accumula t ion   of   da ta   concern ing   the  
composi t ion   and   popula t ion   on   the   bas i s   o f   spec t roscopic   da ta   ( in   the  
d i r ec t ion   i nd ica t ed   by  Morgan and  Mayall)  and the   quan t i t a t ive   ana lys i s   o f  
spectro-photometric  curves  (Markaryan  and  others) . 
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Another  important  problem i s  i n c l u d e d   i n   t h e   a n a l y s i s   o f   t h e  
na tu re  of g a l a c t i c  arms. With  one  and t h e  same degree  of   exposure and 
length   o f   the  arms, the  re la t ive r i c h n e s s   o f   t h e i r   a s s o c i a t i o n s  i s  
d e f i n i t e l y   d i v e r s e   i n   v a r i o u s  cases. By f i n d i n g  a correlat ion  between 
the   na tu re   o f   t he  arms and t h e   o t h e r  parameters of   the  galaxy,   an 
approach w i l l  be made to   an   unde r s t and ing  of the   causes   o f   the   ind ica ted  
d i v e r s i t i e s .  

Of e s p e c i a l l y   g r e a t   i n t e r e s t  are the  sp i r a l  ga l ax ie s   w i th   c ros s -  
pieces (SB). Unfortunately,  we do  not  appreciate f u l l y   t h e   d i f f e r e n c e  
between  the  populations of the   c rossp ieces  and the  arms. It i s  known 
o n l y   t h a t ,   g e n e r a l l y ,   t h e   c o l o r   o f   t h e   c r o s s p i e c e s  is  s i g n i f i c a n t l y  
redder   than   the   co lor   o f   the  arms, and t h a t   t h e  arms the re fo re   con ta in  
a r e l a t i v e l y   h i g h   q u a n t i t y   o f  young stars.  It i s  e spec ia l ly   impor t an t  
t o   c l a r i f y   t h a t   t h e   c r o s s p i e c e s  are r i c h   i n   c l u s t e r s  and i n  s te l lar  
supe r   g i an t s .  

I V .  The Broadened  Understanding of the  Phenomena of 
Superpos i t ion  

Ind iv idua l  cases were previously  mentioned  where  the  centers of 
subsystems  comprising  the  given  galaxy were s h i f t e d   w i t h   r e s p e c t   t o  one 
another .  However, we know of other   galaxies   which are double   galaxies ,  
b u t   i n   e f f e c t  are bound toge ther  by a material medium,  and therefore   can  
also  be  considered as s o l i t a r y   s y s t e m s .  Some good  examples are M 51  and 
the  galaxy NGC 7752 - 7753. It i s  n a t u r a l   i n   t h i s  case t o  assume t h a t  
we have  an example  of a system  in   which  the  centers   of   the   subsystem 
separated.   Another  good example i s  IC 1613,  where  along  one  side of the 
main mass of   the  galaxy i s  loca ted  a giant   conglomerate   of   hot  s t a r s ,  a 
unique  super-associat ion  which  can  be  considered a p a r t  of the  funda- 
mental  galaxy and a separate g a l a x y - s a t e l l i t e .  It i s  highly  probable  
t h a t   t h i s   s u p e r   a s s o c i a t i o n  composed o f   ho t   g i an t s  was formed much l a t e r  
than  the  remaining  galaxy.* 

In   connec t ion   w i th   t h i s ,   t he   concep t  was evolved   tha t   the  /21 
development  of  the  galaxy i s  connected  with  the  consecut ive  formation  of  
diverse  subsystems,  whereby  one  or  another  of  these  subsystems and some- 
times a group of subsys tems,   a l so   wi th  a new center ,   might  become a 
s a t e l l i t e  of the   bas ic   ga laxy .   This  p e r m i t s  us t o   cons ide r   t ha t   t he  

* 
We have  such a case i n   t h e   g a l a x y  IC 2574. A br igh t   supe r  

a s s o c i a t i o n  i s  located  to   the  North  of   the   main p a r t  o f   th i s   ga laxy .  
They are bare ly   un i ted   wi th   each   o ther  by an  observed arm. 
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formation  of a sa te l l i t e  and t h e   a r r i v a l  of a new subsystem i n   t h e  
conf ines  of the  given  galaxy are cognate phenomena. 

Furthermore, i t  i s  poss ib l e   t o   t h ink   t ha t   t hese  phenomena some- 
times accompany  one another .  As an  example, i n   t h o s e  cases where  the 
spiral  arm un i t e s   t he   cen te r   o f  a given  galaxy  with a s a t e l l i t e ,  i t  i s  
na tu ra l   t o   cons ide r   t ha t   t he   fo rma t ion  of t h e  sp i r a l  arm and the  
formation  of  the sa te l l i t e  accompany one  another. 

F i n a l l y ,  any  kind  of sa te l l i t e  of the   Sculp tor   type ,   revolv ing  
about  the  main  galaxy, i s  ba re ly   d i s t i ngu i shab le  from  the  globular 
c l u s t e r   i n   d i m e n s i o n s  and composition of ' the   populat ion.  The g lobular  
c lusters   undoubtedly  form as a r e s u l t   o f   i n n e r   p r o c e s s e s   p r o d u c e d   i n   t h e  
main  galaxy. It is  p o s s i b l e   t o   g r a n t   t h e  same th ing   w i th   r e spec t  t o  
satell i tes of   the  Sculptor   type.  

V.  The  Phenomena of  Non-Sta t ionar i ty   in   Galax ies  

Here tofore ,   ga lax ies  were considered as s t a t i c   f o r m a t i o n s .  How- 
e v e r ,   i n   g a l a x i e s ,   e s p e c i a l l y   i n   s u p e r   g i a n t s ,  phenomena of   non-stat ionary 
character  occur  which are of g r e a t   i n t e r e s t .  

We are not   concerned  here   with  the  processes   of   the  s te l lar  
fo rma t ions   i n  0- and T- a s soc ia t ions ,   a l t hough   t hey   a l so   have   an   e s sen t i a l  
s i g n i f i c a n c e   f o r   t h e   l i f e  of ga l ax ie s .  We have i n  mind quicker  changes 
which are d i r e c t l y   o b s e r v a b l e .  It i s  i n t e r e s t i n g   t h a t   t h e   m a j o r i t y  of 
these   non-s ta t ionary  phenomena i s  connected  with  the  nuclei   of   galaxies  
and may even  be  regarded as a m a n i f e s t a t i o n   o f   t h e   a c t i v i t y  of these  
n u c l e i .  

a) From the   cen t r a l   r eg ion  of our   galaxy,   neutral   hydrogen i s  
known t o  emanate.  This phenomenon was observed by  Dutch  astronomers 
during  radio  observat ions  of   21-cent imeter   wavelength  regions.  A similar 
phenomena of gas  emission  from  the  nucleus of M 31 w a s  discovered by 
Munch as a r e s u l t  of t he   i nves t iga t ion   o f   t he   l i ne  X 3727. In   bo th  cases 
t h e   i n t e n s i t y  of emission  reaches  the  order  of  one  solar mass p e r  year .  
T h i s   r e s u l t ,  somehow, does  not   correspond  to   the  exis t ing  values   of   the  
masses of g a l a c t i c   n u c l e i   ( o n   t h e   o r d e r   o f  l o7  M$. 

b)   Cer ta in   ga lax ies   possess ing   nuc le i   o f   h igh   luminos i ty ,  as 
S e i f e r t  showed,  have  an  emission  l ine X 3727 strongly  expanded,  which 
co r re sponds   t o   ve loc i t i e s   o f   mo t ion   on   t he   o rde r   o f  several thousand 
k i lometers  p e r  second.  These  velocities  exceed  the  normal escape v e l o c i t i e s  
f o r   g a l a x i e s .  We deal ,   therefore ,   undoubtedly  with  powerful   f luxes of 
matter, escaping   f rom  the   nuc leus   wi th   such   grea t   ve loc i t ies  and d i spe r s ing  
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i n   i n t e r g a l a c t i c  space. E v i d e n t l y ,   i n   t h i s  case the   quan t i ty   o f   e j ec t ed  
matter far  exceeds  the  corresponding  magnitude  of  our  galaxy  and of M 31. 
We can expect t h a t   t h o s e  from the   b lu i sh   ga l axy  Aro have  an  analogous 
na tu re .  The emiss ion   l i nes   o f   t hese   ga l ax ie s  are i n t e n s e   i n   t h e   r e g i o n  
around  the  nucleus.  

c) In   t he   ve ry   cen te r   o f   t he   r ad io   ga l axy  NGC 4486 we have   a l so  
observed   the   l ine  X 3727  and apparent ly  a s u f f i c i e n t l y   s t r o n g   f l o w  of gas 
wi th  a ve loc i ty   o f   about  500 k i lometers  p e r  second.  Comparing t h i s   w i t h  
the  presence  of a r a d i a l  j e t  emanat ing  f rom  the  center   of   this   galaxy  to  
the   sur face ,  and con ta in ing   p l a smas   g iv ing   i n t ens ive   r ad io   emis s ion , 'we  
come t o   t h e   c o n c l u s i o n   t h a t   t h e s e  plasmas.were thrown  out   f rom  the  central  
nucleus of t he   ga l axy   w i th   g rea t   ve loc i t i e s .  The p o l a r i z a t i o n   o f   l i g h t  
by these  plasmas ind ica t e s   t he   p re sence   i n  them of e l ec t rons   o f   h igh  
energy. However, t hese  plasmas are not   format ions   on   the  scale of   tha t  
of  the  Crab  Nebula. The energy   of   the i r   rad io   emiss ion   measured   in  
a b s o l u t e   u n i t s  i s  t ens   o f   mi l l i ons   o f  times g r e a t e r .   I f  we t a k e   i n t o  
c o n s i d e r a t i o n   t h a t   t h e   e x t e n t   o f   r a d i o   e m i s s i o n   i n   t h i s   c a s e  must  be a t  
least  one  thousand times g r e a t e r ,   t h e n  we come to   t he   conc lus ion   t ha t  
the  supply of ene rgy   con ta ined   i n   t hese  plasmas exceeds   the   to ta l   energy  
con ta ined   i n   t he   Crab  Nebula  by  one b i l l i o n  times. In   o the r   words ,   t hese  
plasmas, as f a r  as t h e i r  own ene rgy   equ iva len t   i n   t he  mass i s  concerned, 
m u s t  be   objects   on  the scale of small ga lax ies   which  are found i n   t h e  
pho tograph ic   r ays   w i th   r e spec t   t o   t he i r   abso lu t e   va lue .  

Were these  par t ic les  e j ec t ed   f rom  the   nuc leus   o f   t he   ga l axy   i n   t he  
form of a cloud of r e l a t i v i s t i c   e l e c t r o n s ;   o r ,  what is  more probable were 
ob jec t s   expe l l ed  from the   nuc leus .   cont inuous ly   c rea t ing  new f luxes  of  such 
e l ec t rons?  However, i t  i s  impor tan t   tha t   such  enormous plasma can be 
ejected  f rom  the  nucleus  of  a giant   galaxy,   which i s  r e l a t e d   v e r y  l i t t l e  
to   our   evidence  concerning  the masses of   the   nuc le i  of ga l ax ie s .  

d )  What o c c u r s   i n   o t h e r   r a d i o   g a l a x i e s  i s  f a r  more d i f f i c u l t   t o  
exp la in .  We know, however,   that   the  galaxy NGC 1275 (Perseus A) is  one 
of a number o f   t h e   g a l a x i e s   o f   S e i f e r t   i n   w h i c h   t h e   l i n e  X 3727,  observed 
i n   t h e   c e n t r a l   r e g i o n ,  i s  s t rongly  expanded.   In   other   words,   an  intense 
flow  of matter from  the  nucleus  occurs   in   this  case. I n  r e l a t i o n   t o   t h e  
information  previously  developed,   the   presence  of  two n u c l e i   i n   t h e   r a d i o  
galaxy Cygnus A i nd ica t e s   t ha t   t he   p rocess  of s epa ra t ion   o f   t he   nuc le i  
occurred  recent ly .   This  must  l ead   t o   t he   fo rma t ion  of  subsystems  with 
d ive r se   cen te r s   and ,   i n   t he   fu tu re ,   t o   t he   fo rma t ion  of   double   galaxies .  

In  any  case  the  example NGC 5128  (Centaur A) a l so   suppor t s   t he  
f a c t   t h a t   t h e   n u c l e i   o f   t h e   g a l a x i e s  are capable   o f   emi t t ing   e i ther  /23 
a huge  cloud  of r e l a t i v i s t i c   e l e c t r o n s   o r  some subs t ance   capab le   i n   t he  
fu tu re   o f   c r ea t ing   such   c louds .  



23 

In  one way o r   a n o t h e r ,   t h e   r a d i o   g a l a x i e s  a p p e a r  t o  be  systems i n  
which' t he   cen t r a l   nuc le i   man i fe s t   t r emendous   ac t iv i ty   i nc lud ing   t he  
c rea t ion   o f  new plasma, new subsystems and poss ib ly  new galaxies .   There-  
f o r e ,   i n   t h e   g i v e n  case, we can   f r ee ly   speak  of   the  cosmogonical   act ivi ty  
of  the  nuclei ,   even  though  , they are unknown t o   u s   w i t h   r e s p e c t   t o   t h e  
type  of  matter t h a t   t h i s   a c t i v i t y   m a n i f e s t s .  

e) We are aware o f   g i an t   ga l ax ie s  from  whose cen t r a l   c louds  j e t  
streams flow. Among these  are b lu ish   ga lax ies   wi th   absolu te   magni tudes  

on  the  order  of  -15m, i . e . ,  having a grea te r   luminos i ty   than   the  p lasma 
i n  NGC 4486. Some examples  of similar ga lax ie s  are NGC 3561  and IC 1182. 
The expulsion  of  such plasmas is  one more aspect   of   cosmogonical   act ivi ty  
i n   t h e   n u c l e i  of ga l ax ie s .  

f )  The f a c t   t h a t   t h e  sp i r a l  arms b e g i n   i n   t h e   n u c l e i   o f   t h e  
g a l a x i e s   t h e m s e l v e s   t e s t i f i e s   t o   t h e   f a c t   t h a t   t h e   o r i g i n  of  the sp i ra l  
arms i s  d i r ec t ly   connec ted   w i th   t ha t   o f   t he   nuc leus .  

g) The radio  observat ions  of   the  center   of   our   galaxy,   conducted 
by P a r i s k i y  and by o t h e r s ,   t e s t i f y   t o   t h e   f a c t   t h a t   t h e   c o m p o s i t i o n   o f   t h e  
nuc leus   cons i s t ing   ch ie f ly  of  type I1 stars ,  s h a r p l y   d i s t i n g u i s h e s  i t se l f  
from the  composi t ion  of   other  similar s tars  (for   example,   g lobular  
c l u s t e r s ) .  The nucleus   i t se l f   o f   our   ga laxy  i s  the  source  of  thermal 
and rad io   emiss ions ,   whi le   the   sur rounding   reg ion   ou t  t o  a diameter  on 
the   o rder  of 500 parsecs i s  the   r eg ion  of s t rong   non- thermal   rad ia t ion .  
Th i s   po in t s   t o   t he   f ac t   t ha t   t he   phys i ca l   compos i t ion   o f   t hese   i nd ica t ed  
n u c l e i   d i f f e r s   s t r o n g l y  from the  s t a t e  of  the  normal s te l lar  groupings.  

One o f  the  most  important  problems  with  which we are confronted 
i n   t h e  area of the   s tudy  of t he   f l ux   o f  matter and e j e c t i o n s  from g a l a c t i c  
n u c l e i  i s  a t r a n s i t i o n   t o   q u a n t i t a t i v e   e v a l u a t i o n s  of   the  e jected masses. 
T h i s   a l s o   p e r t a i n s   t o   g a l a x i e s  whose c e n t r a l   r e g i o n s   e m i t   l i n e s  of 
r a d i a t i o n  as w e l l  as t o   r a d i o   g a l a x i e s  and to   o the r   ca ses  where we have a 
case o f   d i s c r e t e   e j e c t i o n s .   T h e s e   s c a n t y   f a c t s   t h a t  w e  a l ready  have show 
t h a t   t h e s e   d a t a   c a n   l e a d   t o   c o n t r a d i c t i o n   i n   t h e  l a w  of   the  conservat ion 
of energy  (and matter) which is  l i m i t e d   i n  i ts  p r e s e n t   s t a t e  by the  forms 
of  energy  which w e  know and   r equ i r e   fo r   gene ra l i za t ions   o f   t h i s  l a w .  

C  ONCLUS ION 

Thus ,   t he   ma jo r   p rocesses   i n   t he   l i f e   o f   l a rge   ga l ax ie s  i s  d e t e r -  
mined by t h e   a c t i v i t y   o f   t h e i r   n u c l e i .   T h i s   a c t i v i t y  is  e x p r e s s e d   i n  
various  forms  which were mentioned ear l ier .  Of extreme  interest ,   however ,  
are two forms  of   nuc lear   ac t iv i ty .  One of them i s  r e l a t e d   t o   t h e  /24 
formation  of spiral  arms and the  other   with  the  formation  of  stars and 
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stel lar  c l u s t e r s   o f   t h e .   s p h e r i c a l  component.  Apparently,  these 
phenomena o c c u r   i n   v a r i o u s   s t a g e s  of development and are accompanied  by 
cor responding   changes   o f   the   nuc le i .   In   addi t ion ,  i t  i s  necessa ry   t o  
n o t e   t h a t   t h e  creative process  i t se l f  of   each  type  of   subsystem  in  
var ious  cases should  have a d i s t inc t   cha rac t e r .   Thus ,   fo r   example ,   t he  
galaxy M 32 obvious ly   does   no t   conta in   g lobular   c lus te rs   whi le   o ther  
s a t e l l i t e s  of  the Andromeda Nebula, NGC 205, con ta ins  a t  least 9 
s p h e r i c a l   c l u s t e r s  . . Most a s ton i sh ing  is t h e   f a c t   t h a t   g l o b u l a r   c l u s t e r s  
o c c u r   i n   g a l a x i e s   w i t h   v e r y  l o w  dens i ty   g rad ien t s .  If the  hypothesis   of  
t he   fo rma t ion   o f   ga l ax ie s   f rom  the   i n i t i a l   d i f fuse   c louds  is  accepted,  
then i t  seems na tura l   tha t   such   dense   format ions   such  as g l o b u l a r   c l u s t e r s  
would ar ise  in   sys tems  where   there  are reg ions  of ve ry   h igh   dens i ty ,  
i . e . ,  where t h e r e  are a l s o   h i g h   d e n s i t y   g r a d i e n t s .  Of course,   such 
q u a l i t a t i v e  judgements  cannot  be  considered as s u f f i c i e n t .  It i s  only 
n e c e s s a r y   t h a t   t h e   s h a r e   o f   g l o b u l a r   c l u s t e r s  p e r  u n i t   n e c e s s a r y   f o r  
luminosi ty   of   the   spherical   populat ion  changes  f rom  system  to   system. 
Thus, we o b t a i n   t h e   a d d i t i o n a l  parameter f o r   t h e   c h a r a c t e r i s t i c a l l y  
spherical   systems  and  subsystems.   That   this  parameter i s  connected  with 
o ther  parameters of   the same sys t ems   ( t o t a l   l uminos i ty ,   g rad ien t   o f  
dens i ty)  must  be c l a r i f i e d  by observa t ions .  

S t a t i s t i c a l   d a t a   c o n c e r n i n g   m u l t i p l e   g a l a x i e s  and c lus t e r s   o f  
ga l ax ie s   r evea l   t he   f ac t   t ha t   t hese   sys t ems   cou ld   no t   be  formed by mutual 
capture   previous  to   the  independent   galaxies .   Therefore ,  it is  necessary 
f o r   t h e  components  of  the  indicated  systems  to be a t t r i b u t e d   t o  a common 
origin.   This  problem was d i s c u s s e d   i n   d e t a i l   i n . o u r   r e p o r t   t o   t h e   S o l v a y  
Conference   in  1958. 

In   the   l igh t   o f   the   da ta   ment ioned   above ,   concern ing   the   e jec t ion  
of   the  nuclei   of   the   coagula   t ransforming them in to   comple te   ga lax ies   o f  
moderate   or   high  luminosi ty ,  and concern ing   the   d iv is ion   of   the   nuc le i ,  
an   unders tanding   of   the   o r ig in   o f   mul t ip le   sys tems and f u l l  groups becomes 
probable as b e i n g   t h e   r e s u l t   o f   t h e   d i v i s i o n   o f  one i n i t i a l   n u c l e u s   i n t o  
s e v e r a l   n u c l e i .  It i s  poss ib l e   t ha t   t h i s   d iv i s ion   occu r s   s equen t i a l ly .  

I n   t h e s e  cases, when the re  is  a cen t r a l   ga l axy  of  high  luminosity 
i n  a group,  the  formation  of weak ga lax ie s  must  be  connected  primarily 
w i t h   t h e   a c t i v i t y  of the  nucleus of the  galaxy  of   high  luminosi ty .  

The observa t ions  show tha t ,   a l t hough  a l l  t h e   l a r g e   c l u s t e r s  /25 
con ta in   supe r   g i an t   ga l ax ie s ,   on ly  a small p a r t  of t he  l a t t e r  are r a d i o  
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g a l a x i e s .   I n   t h i s  way, t h e   r a d i a t i o n   a c t i v i t y  must be a r e l a t i v e l y  
short   phase  in   the  his tory  of   the  development  of ga l ax ie s .  It should  be 
assumed tha t   t he   s epa ra t ion   o f   r ad io -emi t t i ng   agen t s  i s  the  phenomenon 
which  accompanies  the  expulsion  from  the  nuclei  of more powerful  masses. 
Th i s   poss ib ly   occu r s   on ly   i n   t he   de f in i t e  s ta te  o f   t ha t   o r   ano the r  
cosmogonical  process. 

A l though   ex t r aga lac t i c   a s t ronomy  has   g rea t   poss ib i l i t i e s   w i th  
r e s p e c t   t o   t h e   s t u d y   o f   n u c l e a r   a c t i v i t y ,  a l l  of  the  evidence  concerning 
v a r i o u s   a s p e c t s   o f   t h i s   a c t i v i t y  i s  e x t r e m e l y   s c a n t .   S t i l l  less is  
known about   the   parameters   charac te r iz ing   the   in tegra l   p roper t ies   o f   these  
nuc le i   ( luminos i ty ,  mass, co lor ,   d imens ions ,   ro ta t ion) .   F ina l ly ,   no th ing  
is  known abou t   t he   i nne r   s t ruc tu re   o f   t hese   nuc le i .  The most  extensive 
f i e l d  o f   r e sea rch   occu r s   i n   connec t ion   w i th   t h i s   r eg ion   o f   ex t r aga lac t i c  
astronomy.  For  example,  the  following  problems arise: 

1. Do a l l  ga l ax ie s   have   nuc le i ;   i f   no t  , what a r e   t h e   c h a r a c t e r i s -  
t i c s  of  galaxies  which  have no nuc le i ?  

2.  The de te rmina t ion   o f   t he   i n t eg ra l   cha rac t e r i s t i c s   o f   t he   nuc le i  
f o r  a majority  of  galaxies.   Thereby i t  i s  necessa ry   t o   t ake   i n to  
c o n s i d e r a t i o n   t h e   d i f f i c u l t y   o f   t h i s   p r o b l e m   r e l a t i v e   t o   t h e   g a l a x i e s   w i t h  
h igh   g rad ien t s   o f   dens i ty .   In   add i t ion ,  i t  should  be  mentioned  that many 
galaxies  of  the  type  Sc  have a nucleus  which is  s o  w e l l  d i s t i n g u i s h e d   t h a t  
i t  can   be   inves t iga ted   wi thout  much in te r fe rence   o f   the   near -nuc lear  
c e n t r a l  plasma.  

3 .  The determination  of  the  dependence  between  the  integral  
parameters  of  the  nuclei   and  the  integral   parameters  of  the  galaxy. 

4 .  Inves t iga t ion   o f   t he   spec t rum  o f   nuc le i   fo r   c l a r i f i ca t ion   o f  
emis s ion   l i nes ,  phenomena o f   r o t a t i o n ,  and f l u x .  

5.  The i n v e s t i g a t i o n  of t he  bond between  the  nucleus and the  
c r o s s p i e c e   i n   g a l a x i e s  conta in ing   the   c rossp iece .  The r e l a t ion   be tween  
the   c rossp iece  and the  phenomenon of f l u x  from  the  nucleus. 

6 .  The research   on   ga lax ies   wi th   mul t ip le   nuc le i .  The s tudy  of  
r a d i a l   v e l o c i t i e s   o f   i n d i v i d u a l  components  of  such  nuclei. 

7 .  The dependence  of  the number of   globular   c lusters   on  the 
nature  of  the  nucleus  of  the  galaxy. 

Although, we prev ious ly   ment ioned   cer ta in   ev idence   o f  a 
cosmogonica l   charac te r ,   per ta in ing   to   the   o r ig in   o f   the   ga lax ies ,  we 
c o n s t a n t l y   t r i e d   t o  remai.n on  the  basis   of   facts   and  not  become involved 
i n  remote  speculat ion.  The analysis   of   observat ions shows t h a t   t h e  
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phenomena  pertaining to the  origin  of  galaxies  are so unusual  that  it 
would  be  impossible  to  imagine  them  arising  out  of  some  theoretically 
preconceived  situation.  Here  again, we are  confronted  with  the 
astounding  phenomenon  constantly  repeating  itself in the  history  of /26 
science,: when it  intrudes  into a  new  region  of  phenomena,  it  finds 
unexpected new  rules  quantitatively  going  out  beyond  the  limits  of 
previous  concepts.  This  makes  each  such  region  of  phenomena so much  more 
interesting.  Therefore,  it  is  necessary  for  us  to  collect  even  more 
carefully  the  facts  and  observations  for  the  augmentation  of  factual  data 
and  more  exact  evidence  concerning  actual  objects. We must  gather  much 
information  concerning  the  structure  of  the  various  parts  of  the  galaxies 
and  make a  careful  analysis  of  this  evidence.  This  might  help  us  in  the 
solution  of  difficult  problems  which  occur  here. 
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B. A. Vorontsov-Velyaminov 

Fac ts  and c o n s i d e r a t i o n s   i n   f a v o r   o f   t h e   d i f f e r e n t  aspects of 
Ambartsumyan's hypothes is   and   the   d i f f icu l t ies   encountered  are d iscussed .  

The opinions  of V .  A. Ambartsumyan conce rn ing   t he   o r ig in   o f  
ga l ax ie s   o f t en ,   e spec ia l ly   ab road ,   i n t e rp re t   t he   hypo thes i s   conce rn ing  
uns tab le   mul t ip le   sys tems  and   c lus te rs   o f   ga lax ies .   Actua l ly   h i s  
concept i s  much broader   than   the   hypothes is   on   the   mechanica l   ins tab i l -  
i t y   o f   g roups  of ga l ax ie s .  The a s s e r t i o n s   t h a t   t h e   n u c l e i   o f   g a l a x i e s  
are super  d.ense formations  and are dynamic were essent ia l   a rguments   for  
t h i s   hypo thes i s .   The i r   s epa ra t ion   gene ra t e s   mu l t ip l e   ga l ax ie s ,  and the  
e j e c t i o n  of smaller masses of a super   dense,  pre-stellar substance  leads 
t o  i t s  t r a n s f o r m a t i o n   i n t o  s p i r a l  b r a n c h e s ,   g l o b u l a r   s t e l l a r   c l u s t e r s ,  
and d i f f u s e  matter. 

In   connec t ion   w i th  some of   these   condi t ions ,  it appears t o  be 
expedient   for  us t o   s h a r e  a number of   concepts .  

Page  (Ref. 1) advanced   an   in te res t ing   idea   for  a s ta t is t ical  
v e r i f i c a t i o n  of the  fact   whether   double   galaxies   or iginated  concurrent ly ,  
i n   p a r t i c u l a r   i n   t h e  same manner  of d i v i s i o n  of t he   s ing le   t ype ,   o r  
whether   they  or iginated by capture .  The pre l iminary   resu l t s   which   he  
obtained  led  to  unexpected  and  improbable  deductions. It i s  q u i t e  clear 
t h a t   h i s   i d e a  was a t  f i r s t   q u i t e  s i m p l e ,  bu t  became compl ica ted   in  
p r a c t i c e  by a number of  circumstances  which  must  be  studied. 

We are conf ron ted   w i th   t he   f ac t   t ha t   t he   concur ren t   phys i ca l  
o r i g i n  of   double   and   mul t ip le   sys tems  def in i te ly   ex is t s .   This  was proved 
t o  a s u f f i c i e n t   d e g r e e  by  Ambartsumyan and o t h e r s ;   i n   p a r t i c u l a r ,   i n t e r -  
ac t ing   vapors  whose p h y s i c a l   d u a l i t i e s  were so f r e q u e n t l y   e v i d e n t   t h a t  
they  could  not   have  been  caused  by random encounters   o f   ga lax ies .  

The theory  of   capture   in   connect ion  with  the  cosmogonical  /28 
hypothesis  of Schmidt w a s  s tud ied   ve ry   c i r cums tan t i a l ly .  It was shown 
tha t   t he   spec i f i c   app roach   o f   t h ree   bod ie s  i s  necessa ry   fo r   cap tu re   t o  
occur .   Therefore ,   the   p robabi l i ty   o f   cap ture  among i s o l a t e d   g a l a c t i c  
f i e l d s  i n  which   the   in te rac t ing   ga lax ies  are numerous i s  very  low. 



Var ia t ion   o f   ve loc i t i e s   i n   phys i ca l   vapor s  , on  the  average,  is  
a l s o  smaller t h a n   t h e   c h a r a c t e r i s t i c   v e l o c i t i e s   o f   t h e   g a l a x i e s .  As we 
see i t ,  th i s   r i go rous   p roo f   supp lemen t s   t he   c r i t i que   o f   t he   t heo ry   o f  
cap tu re  . 

R e l a t i v e   t o   t h e   q u e s t i o n   c o n c e r n i n g   t h e   i n s t a b i l i t y   o f   c l u s t e r s  
i n   g r o u p s ,  and to   t he i r   pos i t i ve   ene rgy ,   t he   answer  is  less d e f i n i t e .  
I n   t h e   m a j o r i t y  of cases ,   au thors  are i n c l i n e d   t o  draw conclusions 
c o n c e r n i n g   t h e   i n s t a b i l i t y  of  the small groups  which  they  have  studied, 
u s i n g   t h e   d a t a   c o n c e r n i n g   r a d i a l   v e l o c i t i e s .  However, t h e   c a l c u l a t i o n s  
inc lude   addi t iona l   suppos i t ions   and   inaccura te   da ta .  The assumed 
d is tance   to   the   g roups ,   the   suppos i t ions   concern ing   the   chaot ic   equa l ly  
p robab le   d i s t r ibu t ion   o f   d i r ec t ions   fo r   combin ing  a small number of 
g a l a x i e s   i n  p a i r s ,  e tc . ,  e n t e r s   i n   h e r e .  An a n a l y s i s  of t he   poss ib l e  
m i s t a k e s   i n   t h e   c a l c u l a t i o n s   o f   d e f i n i t i o n s  by  Limber  and Mathews (Ref. 
2) shows s i g n i f i c a n t   u n r e l i a b i l i t y   i n   t h e  r e su l t s . ,  It  i s  i n t e r e s t i n g  
to   no te   t ha t ,   a cc iden ta l ly   o r   no t ,   t he   de t e rmina t ion   o f   appa ren t   g roup  
components' r a d i a l   v e l o c i t i e s   l e a d   t o   v a l u e s   d i f f e r i n g  by  hundreds  and 
thousands  of  kilometers  from  the mean ve loc i ty   o f   the   g roup .   This   has  
occur red   i n  several cases. The f i r s t   p o i n t  of view, concerning  whether 
or   no t   they   be longed   to  a group, became d o u b t f u l   i n  s p i t e  of   the   v i sua l  
s i z e  and pos i t ion   o f   these   ga lax ies   in   the   sky .   Accept ing  them as 
members of a g roup   l eads   t o   t he   deduc t ion   t ha t   t he   fo rma t ion  of the  
group  had a d e f i n i t e l y   e x p l o s i v e   c h a r a c t e r .  We assume tha t   the   absence  
of  v i s i b l e   t u r b u l e n c e   i n   t h e   s t r u c t u r e   o f   s u c h  components i s  no proof 
o f   t h e i r  random p r o j e c t i o n ,   s i n c e   e v i d e n t l y   d i s t o r t i o n s   o f  forms i n   t h e  
s t ruc tu re   have  a non-g rav i t a t iona l   na tu re  and do not  always  manifest  
themselves i n   p r e v i o u s l y  known small spaces,   and are sometimes p e r c e p -  
t i b l e   i n   l a r g e   d i s t a n c e s  between  components. I n   t h e  case o f   c lu s t e r s   o f  
galaxies  the  problem is  even more complicated  s ince i t  i s  more d i f f i c u l t  
h e r e   t o   d i s t i n g u i s h   t h e  members o f   t h e   c l u s t e r .  The dimensions of the  
c l u s t e r s  are always s i g n i f i c a n t l y  less than   t he   d i s t ances   t o  them. A 
background  galaxy  remote  f rom  the  center   of   the   c luster ,  l e t  us say  a t  
5 r a d i i   o f   t h e   c l u s t e r   a l o n g   t h e   l i n e   o f   s i g h t ,   c a n   n o t  be d i s t ingu i shed  
from the   o the r  members o f   t he   c lus t e r .  We f ind   conf i rma t ion  of t h i s  
op in ion ,   fo r   example ,   i n   t he   f ac t   t ha t  many i n v e s t i g a t o r s   a l r e a d y  do not  
cons ide r   t ha t   t he   c lus t e r   i n   V i rgo  i s  one c l u s t e r .  

To a l l  of t h i s ,   t h e   a d d i t i o n a l   s u s p i c i o n  w a s  voiced by  Holmbert 
t h a t ,   i n   t h e   d e t e r m i n a t i o n  o f   t he   r ad ia l   ve loc i t i e s ,   sys t ema t i c   e r ro r s  
ex is t ,   depending   on   the   b r ightness   o f   the   nuc leus   o f   the   ga lax ies .  

I n   g e n e r a l ,  however , i t  i s  more p robab le   t ha t ,  a t  least  i n   t h e  
case   o f   mu l t ip l e   ga l ax ie s ,  w e  have  the matter of   the i r   mutua l   recess ion .  

Arnbartsumyan considers   the  systems  of   the  Trapezium  type as /29 
unstable  and s t i l l  young.  Berbidge  (Ref. 3) proposes  the same th ing   w i th  
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respect t o   t h e  compact chains  of  galaxies  which I have  a l ready  discovered.  
However, among these   g roups ,   t he re  are e l l i p t i c a l  galaxies  which are 
cons idered   to   be   very   o ld   format ions .  However, I indicated  (Ref .  4 )  
t h a t   t h e   e x i s t e n c e   o f   v e r y   l o n g ,   u n i t i n g   f i b e r s  and s h a f t s   s p e a k s   i n  
favor   o f   the i r   p ro longed   ex is tence  and s i g n i f i c a n t   s t a b i l i t y .  With 
respect t o   t h e  e l l i p t i c a l  g a l a x i e s   e n t e r i n g   i n t o   t h e   c h a i n s ,  and i n   t h e  
Trapezia ,   the   fol lowing  supposi t ions are possible:  

1) T h e s e   e l l i p t i c a l   g a l a x i e s  are young.  However, some of  the 
d i s t i n c t i o n s  from o l d   e l l i p t i c a l   g a l a x i e s  are not  known. 

2) These are no t  e l l i p t i c a l  galaxies;   they  merely a p p e a r  t o  be 
such. So f a r ,   t h e r e  are no d a t a   i n   f a v o r   o f   t h i s .  

3) The systems  into  which  they  go,   despi te   the  mechanical   consid-  
e r a t i o n ,  are n e v e r t h e l e s s   s t a b l e  and o ld .  Can i t  not   be  that  a mutual 
r epu l s ion   began   a r i s ing   i n   t he   o ld   sys t em,  which was previously  the 
s t a b l e   s y s t e m ,   i n   c o n n e c t i o n   w i t h   t h e   e v o l u t i o n  of ga l ax ie s?  

Many are i n t e r e s t e d   i n   t h e   q u e s t i o n  of where  the  astounding 
energ ies  come from  that  are necessary   for   the   d i spers ion   of   the  parts of 
the  divided  nucleus  of   the   galaxy  having a ve loc i ty   o f   hundreds   o f  
k i lometers   per   second.   I f  we w i s h   t o   i g n o r e   t h i s   q u e s t i o n ,   r e l a t i n g  i t  
t o   t h e   u n u s u a l   c h a r a c t e r i s t i c s  of super  dense s te l lar  matter, then   the  
d i v i s i o n  of ga lac t ic   nuc le i   can   be   accepted .  However, i t  i s  d i f f i c u l t  
to  imagine how a mutua l   recess ion   can   occur   in   a l ready  formed ga lax ie s  
t h a t   p e n e t r a t e  one another  and  have  rotations  independent  of  one  another.  

I f  we r e l y   o n   t h e  l a w  o f   g rav i ty ,   t he   ex i s t ing   da t a   s ca rce ly   admi t  
t he  huge masses n e a r   t h e   n u c l e i   w h i c h ,   i n   c e r t a i n   g a l a x i e s ,  i s  s t i l l  
composed of  super  dense matter. I f ,   i n  younger   galaxies ,   such  nuclei  
s t i l l  e x i s t  and d i s p l a y   a c t i v i t y ,   t h i s   s h o u l d   b e   d i s c l o s e d  by observa t ions .  
Such a s i g n  of a c t i v i t y  is  considered by  Ambartsumyan t o  be  the  "eject ion" 
from the  nucleus NGC 4486;  t h a t   t h i s  i s  ac tua l ly   an   " e j ec t ion"  (as every- 
one cal ls  i t)  was not  confirmed by  anyone. It would  be  necessary t o  
make a more d e t a i l e d   s t u d y  of   the   nuc le i   o f   ga lax ies   in   search  of traces 
o f   t h e i r   a c t i v i t y .  

A number of new da ta   can   be   cons idered  as confirming Ambartsumyan's 
i d e a   c o n c e r n i n g   t h e   s p e c i f i c   r o l e  of nuc le i   a l though  the   d i scovery   o f   the  
emission of gas  from  the  nucleus  of  our  galaxy  and  others is d i f f i c u l t   t o  
exp la in  by  normal  phenomena. The unusua l ly   r ap id   ro t a t ion  of   the  nuclei  
i s  s h a r p l y   d i s t i n c t  from t h e   r o t a t i o n  of their   surroundings,   and  the 
presence   o f   dark   f ibers   l eav ing   the   very   cen ter   o f  M 31 a l s o   t e s t i f i e s   t o  
the  unique  nature   of   the   nucleus.  



The l a t t e r  confirms  Ambartsumyan's  theory  that   the  spiral   branches,  
formed  by the   in jec t ion   of   super   dense   bodies   f rom  the   nuc leus ,  are /30 
not   very  massive. On the  other   hand,   the   formation of sp i r a l   b ranches  
formed i n   t h i s  way is d i f f i c u l t   t o   i m a g i n e .   I n   t h e   f i r s t   p l a c e ,  a 
fragment  of  the  super  dense  substance  being  ejected  must  have moved 
along a s t r a i g h t   l i n e .   I n   t h e   s e c o n d  place, for   the   format ion  of a 
spiral branch, it should  have  cont inuously  separated matter from i t s e l f  
a iong   t he   t r a j ec to ry   wh i l e   t r ans fo rming   i n to  stars and  gas. It is  t r u e  
t h a t   t h e r e  are ga lax ie s  of  the  type  Sc  which  have sp i r a l  branches 
composed pr imari ly   of   remote  globules ,   but   such cases among the  spirals 
are gene ra l ly  rare. It i s  d i f f i c u l t   t o   e x p l a i n   t h e   f a c t   t h a t   t h e  spirals 
have two predominant   branches,   that   of ten  the  branches s tar t  from the  ends 
of c ros sp ieces ,  and not   f rom  the  nucleus;   that   there  are ga lax ie s   w i th  
most o f   t he i r   b ranches   l eav ing   t he   nuc leus   i n  one equa to r i a l   p l ane .  
There i s  the   impress ion   t ha t   t he  sp i ra l  branches  had  developed  inside 
t h e   a l r e a d y   e x i s t i n g   d i s c ,  and   no t   tha t   the   d i scs  were a r e s u l t  of  the 
d i s s i p a t i o n   o f   t h e  sp i r a l  branches.  These  branches are o f t e n   d e f i n i t e l y  
not  bound t o   t h e   n u c l e u s .  

The branches  f requent ly   begin  on  the  per iphery  of   the  disc ,   or  
w i t h i n  i t .  Sometimes t h e r e  are inner  and ou te r  spirals not   connected  to  
one another .  They  sometimes  leave  the  ring i n  two s p i r a l s  from  one 
p o i n t ,   o r  are completely separate from  the  inner parts.  

Ambartsumyan's  admission  that i n   t h e   p r e s e n c e  of the  formation  of 
v a r i o u s   e l e m e n t s   i n   t h e   s t r u c t u r e   o f   t h e   n u c l e u s ,   g a l a x i e s  e ject  f r ag -  
ments in   var ious  planes.   This   can  be  confirmed by va r ious  examples t o  
a c e r t a i n   d e g r e e .  Not on ly   do   s t ruc tures   occur   having   var ious   o r ien-  
t a t i o n s  of the  major axis i n  one  and  the same p l a n e ,   b u t   a l s o ,   i n  
cer ta in   sys tems,   for   example ,  M 82, t he   f l uxes   o f  matter are d i r e c t e d  
pe rpend icu la r   t o   t he  main  plane  of  symmetry. 

It seems t o  us tha t   t he   concep t   acco rd ing   t o   wh ich ,   i n   mu l t ip l e  
g a l a x i e s ,   t h e  components or ig ina te   concurren t ly   in   immedia te   p roximi ty  
t o  one another  and d i v e r g e   i n  a l l  d i r e c t i o n s   i n   t h e   p r o c e s s   o f   t h e i r  
own formation i s  more probable.  There  sometimes arises a r epu l s ion  
of a c e r t a i n   t y p e  among them which  causes   their   mutual   recession  regard-  
less o f   g rav i ty .  The substance  which i s  s u b j e c t e d   t o   t h e   g r e a t e s t  
repuls ion   forms   shaf t s .  The g r e a t   t e n a c i t y  of s te l lar  systems,  which 
must   be  accepted,   causes   the  formation  of   crosspieces .  The s t a b i l i t y   o f  
t h e   s h a f t s  and of   the   c rossp ieces  i s  the  same as t h e   s t a b i l i t y  of the 
spiral  branches,  and i s  s i g n i f i c a n t .  The close  proximity  of   the   galaxies  
somehow impedes the  development of the  sp i r a l  s t r u c t u r e  and  causes  the 
phenomena of   "des t ruc t ion  of the  facade".  These phenomena of r epu l s ion  
i n   t h e   i n t e r a c t i n g   g a l a x i e s  must  be a k i n   t o   t h e  phenomena causing  the 
mutual   recession  of   the  galaxies   in   the  group.  
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It should   be   reca l led   tha t   the   Metaga laxy ,   a l though composed of 
ga l ax ie s  i s ,  a t  t h e  same time, an   or ig ina l   cont inuous  medium i n  which 
the   ga l ax ie s  are brought  together.   Experimental   physics  has  never had 
dea l ings   wi th   anyth ing  similar. Therefore ,   in   the   wor ld   o f   ga lax ies , /31  
i t  i s  p o s s i b l e   t o  s ta te  t h a t   t h e  phenomena w i l l  be  completely  unexpected, 
and so  f a r   no t   unde r s tood .  

We are r eady   t o   admi t   t ha t  pairs o f   ga l ax ie s   have   qu i t e   d i f f e ren t  
c h a r a c t e r i s t i c s   o t h e r   t h a n   t h e   a t t r a c t i o n  of t h e   t o t a l  mass, j u s t  as the  
c h a r a c t e r i s  t ics of  molecules are d i s t ingu i shed  from t h e   c h a r a c t e r i s t i c s  
o f   t he  components  of  atoms. 

C e r t a i n  pairs of   l iving  organisms are capable   o f   se l f - reproduct ion .  
C e r t a i n  pairs of  combining  atoms  possess new c h a r a c t e r i s t i c s ,  and i t  is 
imposs ib l e   t o   de r ive  a l l  o f   t h e s e   c h a r a c t e r i s t i c s  from a knowledge  of 
t h e   c h a r a c t e r i s t i c s   o f   i n d i v i d u a l  components.  Something similar may 
occur   i n   t he   un ive r se   o f   ga l ax ie s .   Conf i rma t ion   o f   t h i s   can   be   s een   i n  
t h e   f a c t   t h a t ,   a c c o r d i n g   t o  Zwicky, t h e   c l u s t e r s   o f   g a l a x i e s   d o   n o t  
i n t e r a c t   g r a v i t a t i o n a l l y   w i t h   e a c h   o t h e r .  
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INVESTIGATION OF DISTANCES , MOTIONS AND DISTRIBUTION OF  GALAXIES 
I N  A SPHERE WITH A RADIUS OF 15 MEGAPARSECS 

Yu. P.  Pskovskiy 

The u t i l i z a t i o n  o f  g a l a x y   c l a s s i f i c a t i o n s ,  as proposed by J32 
van  den  Bergh, and the  more precise d e f i n i t i o n   o f  mean abso lu te  
magnitudes  of  various  type  galaxies  improves  the  method  of  integral 
va lues .  The zero-poin t   o f   the   re la t ion   per iod- luminescence  may be 
de te rmined   accura te ly   on ly   accord ing   to  stars , which  have  individual 
absolu te   magni tude   eva lua t ions   (Cepheids   in   d i spersed   c lus te rs  and 
spectral p a r a l l a x e s ) .  The modulus  of d i s t a n c e  M 31,  which i s  determined 
by Cepheids in   t he   p re sence  of a new ze ro -po in t ,  and   the   re la t ion  
period-luminescence of the  Cepheids   according  to  A r p  i s  found t o  be 

e q u a l   t o  23m .95. This   agrees  w e l l  w i th   eva lua t ions  made i n   r e s p e c t   t o  
novae, i f  w e  t a k e   i n t o   c o n s i d e r a t i o n   t h e   f a c t   t h a t   t h e  novae are 
weakened  by abso rp t ion   w i th in   t he  M 3 1 .  

The spa t i a l  d i s t r i b u t i o n  of ga l ax ie s   w i th in   an  area wi th  a r ad ius  
of 15 megaparsecs i s  considered by  means o f  s i m p l e  diagrams.  This 
d i s t r i b u t i o n   c o n f i r m s   t h e   e x i s t e n c e   o f  a ga l ac t i c   c loud   w i th  a c e n t r a l  
concen t r a t ion   i n   t he   V i rgo   c lus t e r   (hype rga laxy) .  The Fornax  Cluster  is  
not  a hypergalaxy,  but i s  only  an arm of  our  hypergalaxy. 

The charac te r   o f   mot ion   in   the   hyperga laxy  was inves t iga t ed  
a c c o r d i n g   t o   t h e   r e d   s h i f t   o f  370 ga lax ie s .  The p r inc ipa l   va lues  of 
the  tensor   of   the   speed  of   deformation were found. D e  Vaucouleurs' 
model on t h e   r o t a t i o n  of a complex of   galaxies   around  one  axis  is  
desc r ip t ive ,   bu t   ve ry   rough .   The re   does   no t   ex i s t  a s i n g l e   a x i s  of 
g a l a c t i c   r o t a t i o n .  A galaxy  rotates   around a c e n t r a l  p l a s m a  along 
c h a o t i c a l l y   o r i e n t e d   o r b i t s .  The motions  within a hypergalaxy  very much 
resemble  that   of a c l u s t e r .  

1. I f   t he   d i s t ances   t o   t he   nea rby   ga l ax ie s  are c o r r e c t l y  /33 
eva lua ted   w i th   t he   he lp   o f   r e l i ab le   d i s t ance   i nd ica to r s ,   t hen   d i s t ances  
to   t he   r eced ing   ga l ax ie s  are e s t i m a t e d   e i t h e r   a c c o r d i n g   t o   i n t e g r a l  
magni tudes   o r   accord ing   to   the   red   sh i f t  of t he   ga l ax ie s .  One must not  
cons ider   any   of   the   recent   methods   sa t i s fac tory .  The i n t e g r a l   a b s o l u t e  
magnitudes of t he   ga l ax ie s  are s u f f i c i e n t l y   d i f f e r e n t ,  and the  use of 
the  average  absolute   magni tude,   instead  of   the  individual   magni tude,  
l e a d s   t o   e r r o r s   i n   e v a l u a t i o n s  of distances  on  the  order  of  one  or two 
times. The l a w  of t h e   r e d   s h i f t ,  which was e s t ab l i shed   u s ing   t he  
dis tances   determined by the method  of integral   magni tudes  has  s t i l l  o ther  
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sources   o f   e r ro r s :   t he   g rea t   d i spe r s ion   o f   t he   r ed   sh i f t  and the   neg lec t  
of   the   dependence   of   the   e f fec t   o f   red   sh i f t   on   d i rec t ion .  It i s  under- 
s t o o d   t h a t   t h e   r e d   s h i f t ,  as a means of   es t imat ing   d i s tances  i s  gene ra l ly  
unsui table .   This  i s  r e a l i z e d   i f  a s tudy  i s  made o f   t he   r egu la r i t i e s   o f  
motion  of some groups of galaxies  which  surround  us.  

In   connec t ion   w i th   t h i s  , i t  i s  n a t u r a l   t o   f o l l o w   t h e   p a t h   o f   t h e  
improvement  of t h e  method  of integral   magni tudes and t o   c o n t i n u e   t h e  
s e a r c h   f o r  new forms  of   d i s tance   ind ica tors .   S ince   the   d i spers ion   of  
absolute  integral   magnitudes  of  any  type  of  galaxy i s  less then   the  
gene ra l   d i spe r s ion   o f  a l l  g a l a x i e s   w i t h o u t   t h e   d i v i s i o n   i n t o   s u b t y p e s ,  
then by u t i l i z ing   t he   ave rage   abso lu t e   magn i tudes   o f   t he   i nd iv idua l   sub -  
types  of   galaxies ,  i t  i s  p o s s i b l e   t o   d e c r e a s e   t h e   e r r o r s   i n   t h e  method 
of   integral   magni tudes  (Ref .  1). I n   i r r e g u l a r  and sp i r a l  ga l ax ie s ,  
van  den  Bergh  (Refs. 2 - 4 )  has  discovered a correlat ion  between  the  degree 
of  development  of  the s p i r a l  s t r u c t u r e  and t h e  main  body  of  the  galaxies 
wi th   t he i r   i n t eg ra l   abso lu t e   magn i tudes .  Keeping i n   s i g h t   t h e   i n v e s t i -  
g a t i o n  of the  motions  of   galaxies ,  we  have  determined  the  average  integral  
magnitudes of g a l a x i e s   i n   v a r i o u s   c l a s s e s  of luminosity  (Ref.  5 ) .  The 
da ta   concern ing   the   ga lax ies  of t he   c lus t e r   i n   V i rgo ,   i n   nea r -by   g roups ,  
and i n   g a l a x i e s   i n  which  the  "super-novae" were observed , se rve  as the 
material for   such   de te rmina t ions .*  

I n   t h i s  way,  from the   ma jo r i ty  of   subtypes  of   galaxies ,  we have,& 
obtained more accu ra t e   eva lua t ions   fo r   t he   va lues   fo r   t he   ave rage   i n t eg ra l  
absolute   magni tudes.  

2 .  Within  the l a s t  few  years some works  appeared  that are devoted 
t o   t h e  most r e l i a b l e   d i s t a n c e   i n d i c a t o r s  , i .e. , Cepheides  and  novae 
(Refs.  9-18). I n   t h e  improvement  of the  material of observa t ions  ar ise  
some con t r ad ic t ions   i n   t he   va lues   o f  modulus of t h e   d i s t a n c e  up t o  M 31, 
which i s  the   bas i s   fo r   t he   r ema in ing   ex t r aga lac t i c   d i s t ances .  

* 
Lundmark (Ref. 6 )  was t h e   f i r s t   t o   t u r n   h i s   a t t e n t i o n  on  the 

super-novae as i n d i c a t o r s  of d i s t a n c e .  The t h e o r e t i c a l   c o n s i d e r a t i o n s  
(Ref. 7) and  the  comparison  of  the material in   t he   obse rva t ions   on  
super-novae , which  have f l a r e d  up in   t he   g roups  and c l u s t e r s   o f   g a l a x i e s  
show t h a t ,   i n   g a l a x i e s   t h a t  are weak i n   l u m i n o s i t y ,   t h e   b r i g h t e s t   s u p e r -  
novae  of  type I (Ref. 8) f l a r e  up.  Although  the  maximal  magnitudes of 
the  super-novae are roughly  determined by t h e   e x t r a p o l a t i o n  of t he  
curves of luminos i ty ,   the   es t imat ions   o f   d i s tances  by  means of   these  
i n d i c a t o r s  merit s e r i o u s   a t t e n t i o n .  As  fo r   t he   r ange   i n   wh ich   t hey  
a l low  d is tance   eva lua t ion ,   they   have   no   equals  among t h e  stars. 
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The s tudy  of the  problem  of  the  zero-point  of  Cepheides  leads US 

to   the   conclus ions   vo iced  by t h e  X Congress   o f   the   In te rna t iona l  
Astronomical  Union  by 0. A. Melnikov. The values   of   the   zero-point ,  
founded  on  the s ta t i s t ica l  eva lua t ions  of the  average  absolute   magni tude 
o f   Cephe ides ,   g ive   on ly   qua l i t a t ive   r e su l t s .  More a c c u r a t e   r e s u l t s   c a n  
be  expected  f rom  the  methods  which  give  re l iable   individual   evaluat ions 
fo r   abso lu t e   magn i tudes   fo r   Cephe ides   be long ing   t o   c lu s t e r s  and  by the  
l u m i n o s i t y   e f f e c t .  The material concerned  with  Cepheides   belonging  to  
c l u s t e r s  is  l imi t ed  and as f o r   t h e   e f f e c t   o f   l u m i n o s i t y ,   t h e   f u r t h e r  
accumulat ion  of   observat ion,  a l l  d a t a  i s  s t i l l  not  accumulated.  

N e v e r t h e l e s s ,   a c c o r d i n g   t o   s i x   C e p h e i d e s   i n   t h e   d i s p e r s e d   c l u s t e r s  
(Refs.  9-14)  there i s  t h e   f o l l o w i n g   r e l a t i o n .  The per iod-luminosi ty  
r e l a t i o n   i n   t h e  form  determined  recently by Arp (Ref .   15)   for   the 
Cepheide in   the  Magel lanic   Cloud is  

eed = - Om.81 - 2m.25 l g  P (0.0 < l g  P < 1.8). 
Pg 

Adding t h i s   r e l a t i o n   t o   t h e   C e p h e i d e s   i n  M 31   i nves t iga t ed  by 
Baade  (Ref.  16), we o b t a i n  a d i s t a n c e  modulus  of up t o  Om.30 less than 
the  modulus  of  Baade  (Table 1) f o r   t h e   d i s t a n c e   t o  M 31  through  the 
Cepheides   ou ts ide   the   absorbent   l ayer   o f   the   nebula .   Inc identa l ly ,  
Sandage  (Ref. 18) cons iders   the  modulus  of  the  distance  to M 31 more 
r e l i a b l e  when based on the   l u s t r e - luminos i ty   cu rve  of the  novae a t  a 
maximum in   t he   p re sence   o f   t he   ze ro -po in t  of t h i s   r e l a t i o n   a c c o r d i n g   t o  
Schmidt  (Ref. 1 7 ) .  

Table 1 

Explorers  

Baade 
(Ref.  16) 

Schmidt 
(Ref. 17) 

Our evalua-  
t ion  

Mayall, Kron 
(Ref. 19) 

Material 

Cepheides 

Novae 

Cepheides 

Modulus of 
the  Distance 
t o  M 31 
According t o  
t h i s  P a p e r  

24m. 25 

24.6 

23.95 

Globular 23 3 - 2 4  .O I c l u s t e r s  

Cor rec t ion  
on  the 
Absorbe  nce 
i n  M 31 

Corrected 
Modulus of 
the  Distance 
t o  M 31 

24m. 25 

23.85 

23.95 



35 

This  modulus is  Om.65 g rea t e r   t han   ou r   eva lua t ion .   I f  we t a k e   i n t o  
c o n s i d e r a t i o n   t h a t   t h e  novae i n  M 31 are somewhat weakened  by the /35 
abso rben t   ma te r i a l   i n   t he   nebu la  and tha t ,   a cco rd ing   t o   t he   d i ag ram 
i n   F i g .  5 of the  work of Baade (Ref .   16) ,   the  mean absorp t ion   ob ta ined  
i s  on the  order   of  Om.75, t h e n   t h e   d i f f e r e n c e   i n   t h e   e v a l u a t i o n s  of t he  
modulus  of t h e   d i s t a n c e   t o  M 31  through  the  Cepheides  and  novae  can  be 
a t t r i b u t e d   t o   t h e   d i f f e r e n c e   i n   a b s o r p t i o n .  It i s  necessary   to   no te  
tha t   t he   ze ro -po in t   o f   t he   r e l a t ion   fo r   t he   novae ,   t he   ze ro -po in t  
determined  by  Schmidt ,   possibly  contains   errors  owing to   the   inaccuracy  
of t he  methods  used  regarding  the  absorpt ion  in   our   galaxy.  

In   our   op in ion ,   the   eva lua t ion   of   the   d i s tance  modulus up t o  M 31 
accord ing   t o  new g lobu la r   c lu s t e r s   (Re f .  19)  and  according to   the   Cepheides ,  
a f t e r  a cons ide ra t ion  of the   p rev ious ly   ind ica ted   condi t ions ,   co inc ide  
w e l l .  I n   t h i s  example, i t  i s  e v i d e n t   t h a t  i t  i s  necessary   to   cons ider  
t h e   a b s o r p t i o n   i n   t h e   g a l a x i e s   i f   t h e i r   d i s t a n c e  modulus i s  being 
determined  through  the  Cepheides,   the  novae,  and  the  super  giants  located 
in   t he   abso rben t   l aye r s .   Poor   ca l cu la t ion   l eads   t o   sys t ema t i c   e r ro r s   i n  
the  estimates of d i s t a n c e s ,  and in   t he   ca se   o f  M 31 i t  leads   to   mis takes  
i n   t h e  whole s c a l e   o f   e x t r a g a l a c t i c   d i s t a n c e s ,   s i n c e   t h e   d i s t a n c e   t o  i t  
serves  as t h e   b a s i s   f o r   t h i s   s c a l e .  

3 .  With  the  help of mean absolute   integral   magni tudes  of   the  
g a l a x i e s   i n   t h e   s p h e r e   w i t h  a r ad ius  of 5 megaparsecs  around  our  galaxy, 
the number of e l l i p t i c a l  and s p i r a l  ga l ax ie s  was counted. Out of 266 
ga lax ie s ,   28   pe rcen t  were e l l i p t i c a l  and  72 percent  were sp i ra l  (Ref. 1). 
The same c o r r e l a t i o n  i s  o b s e r v e d   i n   t h e   v e r y   l a r g e   c l u s t e r s   o f   g a l a x i e s  
of i r r e g u l a r  form: i n  Virgo  (Ref. 1) and in   Hercules   (Ref .   20) .*  The 
s i m i l a r i t y   o f   t h e s e   r e g i o n s  of the  Metagalaxy i s  undoubted. 

I n   c o n n e c t i o n   w i t h   t h i s ,  i t  i s  possible   to   ment ion  de  Vaucouleurs '  
hypothesis   (Refs .  24-27)  and the  ear l ie r  hypothesis  of  Shapley and  Reiz 
concern ing   the   fac t   tha t   our   ga laxy  and i t s  neighbors   belong  to  a super-  
c l u s t e r   w i t h  i t s  c e n t e r   i n   t h e   c l u s t e r   i n   V i r g o .  By observ ing   th i s  
supe rc lus t e r  from wi th in ,   accord ing   to   de   Vaucouleurs ,  we see i n   t h e   s k y  
a "Milky Way" of ga l ax ie s .  D e  Vaucouleurs  introduced a system  of 

* 
Calcula t ions   o f   the  

our   environs were conducted 
accord ing   to   Cata log  X. H. 
assumpt ion   on   the   fac t   tha t  

number of sp i r a l  and e l l i p t i c a l   g a l a x i e s   i n  
ear l ier  by Yu. R. Yefremof  (Ref. 21) and a l s o  
Shapley  and A .  Ames (Ref. 22) based   the i r  
t h e   e l l i p t i c a l   g a l a x i e s   o f   t h e   M e t a g a l a c t i c  

f i e l d  were weaker  than  the sp i r a l  ones a t  4-5m (i .e., of  the  type NGC 205 
and t h e   s y s t e m s   i n   S c u l p t o r ) .   I f   t h i s  were so, t h e   r e l a t i o n  on  the  red 
s h i f t   v i s i b l e   m a g n i t u d e  [see Fig .  3-10 in   (Re f .   23 ) ]  would  be  displaced 

f o r   t h e  e l l i p t i c a l  and sp i ra l  ga l ax ie s  relative t o  one  another by  4-5 . m 
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coord ina tes   cor responding   to   the   main   p lane   o f   th i s  "Milky Way" of 
g a l a x i e s .  It made s e n s e   t o  ca l l  t h i s   s y s t e m  a hyperga lac t ic   sys tem  of  
coordinates .   Accordingly,  we s h a l l  c a l l  t h i s   supe rc lus t e r   t he   hype r -  
galaxy.* We h a v e   c h e c k e d   t h e   v i s i b l e   d i s t r i b u t i o n   o f   e l l i p t i c a l  /36 
galaxies ,   concentrated  according  to   de  Vaucouleurs   (Ref .  25)  toward t h i s  
p lane  and  have  confirmed  the  existence  of a hyperga lac t ic   p lane  as a 
plane  of  symmetry o f   t h e i r   v i s i b l e   d i s t r i b u t i o n .  We u t i l i zed   t he   sys t em 
of   hypergalact ic   coordinates   of   de   Vaucouleurs   for   the  s tudy  of   the 
d i s t r i b u t i o n  and mot ion   o f   ga l ax ie s   i n   t he   sphe re   w i th  a r ad ius  of 15 
megaparsecs. 

Dur ing   d i s tance   ca lcu la t ions ,  we u t i l i z e d   t h e  mean abso lu te  
integral   magni tudes  of   the   corresponding  subtypes  and  c lasses   of  
luminosi ty   (Refs .  1, 5 ,  8) ,  j u s t  as in   ou r   p reced ing  works we used  the 
phys ica l   i n t eg ra l   magn i tudes   acco rd ing   t o   t he   pub l i shed  l i s t s  of au thors  
(Refs.  22,  23, 30-35) recounted  in  Holmberg's  system  (Ref.   30).  The 
abso rp t ion  of l i g h t   i n   t h e   g a l a x y  i s  assumed t o   b e   a c c o r d i n g   t o   t h e   c h a r t  
by P .  P.  Parenago  (Ref.  36) . The agreement  between  the method of 
cons ide r ing   t he   abso rp t ion   t o   be   acco rd ing   t o   t he   coun t   o f  weak ga lax ie s  
squared and the  method  of the   excess   o f   co lor   o f   the  stars (Ref.  37) was 
confirmed ear 1 ier . 

4 .  The spa t ia l  d is t r ibu t ion   of   ga lax ies   can   be   p resented   graph-  
i c a l l y   i f  you  examine  the  vis ible   port ions  of   the   sphere  within a r ad ius  
of 15 megaparsecs  around  our  galaxy by  means of  the  planes  of  the  hyper- 
g a l a c t i c   e q u a t o r  and the   mer id i an   pas s ing   t h rough   t he   c lus t e r   i n   V i rgo  
(hype rga lac t i c   l ong i tude  L = 105'). The semi th i ckness   o f   t he   l aye r s   i n  
c r o s s   s e c t i o n  i s  e q u a l   t o  2 megaparsecs. 

The mer id iona l   s ec t ion   (F ig .  1) shows a comparatively homogeneous 
d i s t r i b u t i o n  of ga lax ies   in   the   southern   hemisphere   and   ou ts ide   the  
e q u a t o r i a l  zone of   the   nor thern   hemisphere .   In   the   equator ia l   zone ,  i s  
v i s i b l e  a plasma,  which i s  the   c lus t e r   i n   V i rgo .   T races  of t h e   c l u s t e r  
i n  Fornax L = 265' are found  near   the   hyperga lac t ic   l a t i tude  B = - 40'. 
A s t r o n g   e l o n g a t i o n   o f   t h e   c l u s t e r   i n   V i r g o   i n  a r a d i a l   d i r e c t i o n   ( t o   o u r  
galaxy) i s  explained by t h e   f i c t i c i o u s   d i s p e r s i o n  of d i s t a n c e s .  We have 
de termined   d i s tances   accord ing   to  mean absolu te   in tegra l   magni tudes   o f  

~~ ~ * 
K. F.  Ogorodnikov  (Ref.  28) c a l l s  a "hypergalaxy"  that  which 

i s  universa l ly   accepted   to   be   ca l led   the   Metaga laxy   (Ref .   29) ;  and 
"a Metagalaxy"  he cal ls  t h a t  p a r t  of the  "hypergalaxy"  which i s  e a s i l y  
access ib l e   t o   i nves t iga t ions .   In   o rde r   t o   avo id   confus ion ,  we are using 
the  more common terminology,   consider ing  the term s u p e r c l u s t e r   o f  
g a l a x i e s   t o  be  synonomous with  hypergalaxy.  
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the   ga l ax ie s ,  and the  deviat ion  of   individual   absolute   magni tudes  f rom 
t h e  mean i s  manifested as a s c a t t e r i n g   i n   d i s t a n c e s ,  i .e . ,  t h e   r a d i a l  
d i r e c t i o n s .  

While  examining  the  layer  near  the  equator  (Fig.  2) we a l s o  see 
a comparatively homogeneous d i s t r i b u t i o n   o f   g a l a x i e s   i n  one ha l f   o f   the  
f i e l d   ( f o r  a s u f f i c i e n t l y   l a r g e  p a r t  o f   the  volume)  and a s t rong  non- 
homogeneity i n   t h e   o t h e r .  The cloud  of  galaxies i s  s t r e t c h e d   o u t  more 
than 100' a long  the  longi tude and inc ludes   w i th in   i t s e l f   ou r   ga l axy ,  i t s  
sur roundings ,   and   the   concent ra t ion   of   ga lax ies   in   the   southern   hemisphere  
(210' C L < 270'). It is  i n t e r e s t i n g   t o   n o t e   t h a t   t h e   s o   c a l l e d   " s o u t h e r n  
superc lus te r"   ne ighbor ing   ours  ( R e f .  24) i s  a c t u a l l y   n o t  a s u p e r c l u s t e r  
o r  a hyperga laxy   ( th i s  i s  not  shown i n   F i g .  2 s i n c e  i t  i s  s i t u a t e d . o n   t h e  
equator  a t  l a t i t u d e  B = - 41'). This i s  a comparatively small complex  of 
ga lax ies   having  a diameter  of  about 5 megaparsecs  and i s  n o t  similar t o  
our  hypergalaxy by composition  of i t s  g a l a x i e s .   I n   r e a l i t y ,   t h i s  complex 
cons is t s   o f  a c l u s t e r   o f   p r i m a r i l y   e l l i p t i c a l   g a l a x i e s   i n   F o r n a x  and /37 
of  an arm of   our   hypergalaxy  extending  to  i t ,  which  consisted  of a 
mixture  of sp i r a l  and e l l i p t i c a l  ga l ax ie s .  

I n   F i g .  2 ,  t h e   f i c t i c i o u s   d i s p e r s i o n   o f   t h e   d i s t a n c e s  was ha rd ly  
no t i ceab le .  However, t h i s   d i s p e r s i o n  i s  present :  a group  of  galaxies 
i n  Ursa Major (L = 75' , B = 0') and o t h e r   g r o u p s   i n   t h e   i l l u s t r a t i o n  are 
e x t e n d e d   i n   r a d i a l   d i r e c t i o n s  and became one  cloud  surrounding  the 
cen t r a l   c lu s t e r   i n   V i rgo .   Th i s   co r re sponds   t o   t he   concep t  made by 
de  Vaucouleurs and van  den  Bergh  (Ref. 38) c o n c e r n i n g   t h e   f a c t   t h a t   t h e s e  
groups are v i s ib l e   condensa t ions   o f   ga l ax ie s   i n   t he   pe r iphe ra l  p a r t  of 
the  hypergalaxy. The hypergalaxy i s  a v i s ib l e   t h i cken ing   o f   t he   gene ra l  
Me taga lac t i c   f i e ld   w i thou t  a s h a r p   t r a n s i t i o n .  An ana logous   p ic ture  is  
a l s o   o b t a i n e d   a c c o r d i n g   t o   r e d   s h i f t s  as a measure  of  distance.  

In   Table  2 ,  the   count   o f   hyperga lac t ic   dens i ty  i s  shown; i . e . ,  
t he  number of ga l ax ie s  p e r  cubic  megaparsecs.  Only  the sp i r a l  and e l l i p -  
t i c a l  ga l ax ie s   w i th   abso lu t e   i n t eg ra l   magn i tude   b r igh te r   t han  - 17" were 
c a l c u l a t e d .  The c a l c u l a t i o n s  were d i r ec t ed   a long  30' s e c t o r s  of  the 
l aye r   nea r   t he   equa to r   w i th in   i n t e rva l s   o f  5 megaparsecs.  These  calcu- 
l a t i o n s   c h a r a c t e r i z e   n u m e r i c a l l y   t h e   d i s t r i b u t i o n   o f   t h e   g a l a x i e s   i n   t h e  
l a y e r .  The g r e a t e s t   d e n s i t y   ( 3 . 5   g a l a x i e s  p e r  cubic  megaparsecs) is  
observed i n   t h e   r e g i o n   o f   t h e   c l u s t e r   i n   V i r g o .   I n   t h e   r e g i o n   a r o u n d  
t h e   c l u s t e r ,   t h e   g a l a c t i c   d e n s i t y  varies from 2.2 t o  1.5 ga l ax ie s  p e r  
cubic  megaparsec and the   per iphera l   reg ions   f rom 1.0 t o  0.5 ga l ax ie s  p e r  
cubic  megaparsecs. The dens i ty   o f   t he   gene ra l   Me taga lac t i c   f i e ld   on   t he  
average is lower  than 0.5 galaxy p e r  cubic  megaparsec. The d e n s i t y  of 
t he  arm and t h e   c l u s t e r   i n   F o r n a x  i s  moderate: 1 .O t o  0.5 ga l ax ie s   pe r  
cubic  megaparsec. 
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Fig.  1. Diffusing  Nebula NGC 6611 wi th   Br ight  
Rings a t  the  Boundary wi th  Dark Matter. 
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Fig. 2. Diffusing Nebula NCG 2237 with  a Concentration 
of Matter at  the Periphery. 
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Table 2 .  Density of Bright  Galaxies by 1 Mparsecs 3 . 
(Within the  Parenthesis  are Given the Number of 

Galaxies  with M < -17m) 

Layer 

M parsecs 

0-5 
5-1 0 

10-15 

Layer 

M parsecs 

0-5 
5-10 

10-15 
" 

Layer 

M parsecs 

Sector 

(7)0,54 
(4)0,10 

(23)1,85 (25)1,92 (24)2,23 (21)1,61 (13)1,00 (12)U,92 
(137)3,52 (98)2,51 (G9)1,76 (42)1,08 (35)0,97 (28)0,72 

(1)- (51)0,-/9 (35)0,34 (20)0,19 (28)0,27 (24)0,23  (14)0,13 

Sector 

15 1 16 I 1i I 16 I 19 

0-5 ( 4 ) 0 , 3 1  (18)1,35 (13)1,Ou (12)0,92 (10)0,77 
5-10 (2)- (49)1,36 (27)0,69 (124)3,08 (60)1,54 

10-15 W!- (3)- (1')- (8)0,08 , (42)0,40 
I 

Layer 1 Sector 

20 1 21 I 26 23 I 24 
-~ - __ - 

0-5 

(1)- ( I  1)0,10 (8)0,07 (I2)0,12 (6)0,06 10- I5 
(1)- (12)0,31 (S)0,20 (13)0,33 (10)0,2G 5-10 
(G)O,4G (9)O,G9 (12)0,92 (1)- (0)- 
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5.  Many inves t iga tors   (Refs .  26, 39) have  a l ready  not iced  the 
so-cal led  " local   anisotropy"  in   our   environs  of   the  Metagalaxy.   This  
is  shown i n   t h e   f a c t   t h a t  a graph  of  the  dependence  of  the  red  shift  on 
d i s t a n c e   s y s t e m a t i c a l l y   s t r a y s  from t h e   l i n e a r  Hubble  law w i t h i n  an 
i n t e r v a l  of 10  megaparsecs  [see  Fig.   10  in  (Ref.  23)]. Besides   tha t ,  
the   po in ts  on th i s   g raph  are wide ly   sca t te red  due to   t he   fo l lowing  
causes: 

1) The dis tances   are   not   determined  according t o  the  method 
of integral   magni tudes;  a more a c c u r a t e   d e f i n i t i o n   o f  
d i s t ances  may dec rease   t h i s   unce r t a in ty .  

2) Dispe r s ion   o f   t he   r ed   sh i f t s .   I n   c lu s t e r s ,   f o r   example ,  
the   ampl i tudes   o f   the   red   sh i f t s   reaches  2000-4000 km 
p e r  second  (Ref. 40). 

3) .The anisotropy  of   the  veloci t ies   of   deformation  speed  or  
in  other  words,   the  dependence  of  the  parameter  of Hubble 
on d i r e c t i o n s  L ,  B. The s t ronger   the  band is  extended, 
the  sharper  i s  the  dependence. 

It i s  poss ib l e   t o   p rope r ly   d i s t i ngu i sh   t he   d i spe r s ion  of the 
red  s h i f t s  from  the  anisotropy of t h e   v e l o c i t i e s  or t h e   d i s t o r t i o n  /38 
of   i tems  e i ther  by s e l e c t i n g  a  model  of the  motions  of   the  total  
galaxies   being  observed,   or  by determining  from  observations  the param- 
eters of  motion  of t h i s   t o t a l i t y  and ana lyz ing   the   charac te r   o f   th i s  
motion  according  to  the  magnitudes  of  these  general  parameters. 

An example  of  research  with,,the  aid  of  a  model is de  Vaucouleurs' 
work c o n c e r n i n g   t h e   d i f f e r e n t i a l   ( O o r t )   r o t a t i o n  and t h e   d i f f e r e n t i a l u  
expansion  (k-effect)   of   the   supercluster  of g a l a x i e s   p a r t i c i p a t i n g   i n  
the  isotropic  expansion  of  our  region  of  the  Metagalaxy  [ the law  of 
Hubble  (Refs. 26, 27)]. In  accordance  with  de  Vaucouleurs,   the  f lattened 
form  of t h e   s u p e r c l u s t e r   i n d i c a t e s   t h e   f a c t   t h a t  i t  is  i n  a s t a t e  of 
ro ta t ion   and ,   accord ing   to   the   formula  of Weaver and  Troumpler [ t h e  
general izat ion  of   the  formulae of t h e   g a l a c t i c   r o t a t i o n   ( R e f .  41)], he 
ca lcu la ted   the  parameters of  such  a  motion  assuming  the  center  of 
r o t a t i o n   i n   t h e   c l u s t e r  i s  i n  Virgo. He compared the model  of the  
p a r a m e t e r s   c a l c u l a t e d   i n   t h i s  way wi th   the   da ta   o f   observa t ions ,  and i t  
was agreed  that  i t  was n o t   a s t o n i s h i n g   s i n c e   t h e   c a l c u l a t i o n   o f   t h e  
parameters   had .a l ready   de te rmined   tha t   resu l t .  

A more g e n e r a l   i n v e s t i g a t i o n  of  the  character  of  motion of the  
galaxies  in  our  environs  of  the  Metagalaxy was conducted  in  1951 by 
K. F. Ogorodnikov  (Ref. 42) who ca l cu la t ed   t he  components  of  the  tensor 
o f   de fo rma t ion   ve loc i t i e s .   I n   h i s  work, K. F. Ogorodnikov  proceeded  from 
the  hydrodynamic  concepts  applied  to  the  Metagalaxy. A r e l a t i v i s t i c  
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examinat ion  of .   the  phenomena accompanying t h e   t r a n s m i s s i o n   o f   l i g h t   i n  
the   Metaga lac t ic  medium, which i s  a r b i t r a r y   i n  its c h a r a c t e r i s t i c s   ( i n  
o the r   words ,   i n  a non-homogeneous a n i s o t r o p i c  medium) l e d  A .  L. Zelmanov 
t o   t h e   e x p r e s s i o n  of t h e   r e d   s h i f t   i n   t h e   f i r s t   a p p r o x i m a t i o n  by means 
o f   t he   ' t enso r   o f   t he   de fo rma t ion   ve loc i t i e s ,   dopp le r   e f f ec t ,  and the  
E i n s t e i n   v e c t o r .  Due t o   t h e  low dens i ty   o f   t he   Me taga lac t i c  medium, 
t h e  l as t  e f f e c t   a c c o r d i n g   t o   t h e   e v a l u a t i o n   o f  A. L .  Zelmanov i n  a given 
period  of time i s  i n s i g n i f i c a n t  as compared t o   t h e   d o p p l e r   e f f e c t .  
T h u s ,   f r o m   t h e   r e l a t i v i s t i c   c o n s i d e r a t i o n s   i n   t h e   f i r s t   a p p r o x i m a t i o n ,  
the   express ion   of   the   red   sh i f t   th rough  the   t ensor   o f   deformat ion  
v e l o c i t i e s  i s  a l so   found.  

From 1958  to   1961 we a l s o   c a l c u l a t e d   t h e   t e n s o r   o f   t h e   d e f o r m a t i o n  
v e l o c i t i e s  by means of  the  "antipode method"; t h a t  i s ,  b y   t h e   r e d   s h i f t s  
and d i s t a n c e s   i n   t h e   d i a m e t r i c a l l y   o p p o s i t e  areas in   t he   . sky   (Ref .  44) , 
and  by means of a method  of  accounting  for  components  of  the  tensor  of. 
deformat ion   ve loc i t ies   for   spher ica l   l ayers   a round  our   ga laxy .   Dur ing  
c a l c u l a t i o n s   a c c o r d i n g   t o   t h e   f i r s t   p r o c e d u r e   t h e   a b s o r p t i o n  was obtained 
in   accordance   wi th   the   cosecant  l a w  (Ref. 23) and t h e   d i s t a n c e  was 
obta ined   accord ing   to   the  method  of integral   magni tudes.   During  calcu-  
l a t ions   acco rd ing   t o   t he   s econd   p rocedure   on ly   t he   i r r egu la r  and sp i ra l  
g a l a x i e s  were u t i l i z e d  and the   abso rp t ion  and d i s t a n c e s  were determined 
i n   t h e  manner i n d i c a t e d   i n   S e c t i o n  3 .  The components  of the   t ensor  were 
c a l c u l a t e d   f o r   f i v e   l a y e r s   ( T a b l e  3 ) .  In   each   ca se   t he  main  values of 
the  components  of  the  tensor were found. The main semi-axes of a c e r t a i n  
e l l i p s o i d   c o r r e s p o n d i n g   t o   t h e s e   v a l u e s   g e o m e t r i c a l l y  and a l s o   t h e  
d i r e c t i o n s  of t h e s e  semi-axes i n  space were found. The magnitude  of  the 
mean semi-axis was ve ry   Ee l i ab ly   found .   I f   t he   supe rc lus t e r  is  a c t u a l l y  
l o c a t e d   i n   t h e  state of  Oort ' s  r o t a t i o n ,   t h e n   t h i s  mean semi-axis /41 
r e p r e s e n t s ,   i n   i t s e l f ,   t h e  Hubble parameter f r eed   f rom  the   e f f ec t  of t he  
d i f f e ren t i a t ion   o f   t he   supe r sys t em.  

It i s  n a t u r a l   t o  compare the  parameters which we have  obtained 
with  the  ones  that   should  have  been  found  in   the case of   an  Oort   rotat ion.  
As A .  L. Zelmanov showEd ( p r i v a t e  announcement) i f   t h e   h y p e r g a l a x y  is  
found i n   t h e  state o f   O o r t ' s   r o t a t i o n   t h e n   t h e  mean semi-axis of t he  
e l l i p so id   o f   t he   de fo rma t ion   ve loc i t i e s  i s  p a r a l l e l   t o   t h e   a x i s   o f  
r o t a t i o n  of  the  supersystem, and the   b i sec tors   o f   the   angles   be tween  the  
major   and   the   minor   axes   ind ica te   the   d i rec t ion   to   the   cen ter  of r o t a t i o n .  
However,  any f l a t  parallel  motion  can  be  examined as a combination  of 
the  successive  motion  with a r o t a t i o n   a b o u t   t h e   i n s t a n t   c e n t e r .   I f  a 
c lus t e r ,   o r   ano the r   fo rma t ion   o f   s ign i f i can t  mass, e x i s t s   i n  one  of  the 
poss ib l e   d i r ec t ions   t oward   t he   cen te r   o f   ro t a t ions ,   t hen  i t  i s  poss ib l e  
w i t h   s u f f i c i e n t   b a s i s   t o  assume tha t   ac tua l   ro t a t ion   o f   t he   su r round ing  
bodies   occurs   around  this   center .   Such a s ta te  e x i s t s   i n   o u r   g a l a x y :  
i n   t h e   d i r e c t i o n  of t h e   c e n t e r  of r o t a t i o n ,  a br ight   c loud   of  stars i s  
found i n   S a g i t t a r i u s ,  which i s  the  nucleus  of  our  galaxy  (Ref.   28).  From 
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Table 3 .  Semiaxis of the  Ellipsoid  of  Deformation  Speed. 

Spherical Layer  Method 

68, + 4 
332, - 9 
304, - 2 
130, T i l  
56, - 4 

Average 

187 
244 

I l l ,  "35 
112, -28 

210 s7, -39 
227 

139, +29 207 
53, $19 

213 1 ips, -11" 
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K. F. Ogorodnikov ( R e f .  42) i t  has  been  proved  that   one of the  probable 
d i r ec t ions   t oward   t he   cen te r   o f   ro t a t ion   co inc ides   w i th  a l a r g e   c l u s t e r  
i n  Virgo. We w i l l  m e n t i o n   t h a t ,   i n   t h i s  case, the  magnitude  of  the 
minor axis was used for   the   parameter   o f   Hubble   which ,   ' in   rea l i ty ,  is 
t h e   s e m i - a x i s ;   t h e r e f o r e ,   t h e   d i r e c t i o n   t o   t h e   c l u s t e r   i n   V i r g o  was  
t aken   i nco r rec t ly .   Accord ing   t o   ou r   r e su l t s ,  we have  obtained  roughly 
on an ave rage   t he   d i r ec t ion   t o   t he   c lus t e r   i n   V i rgo ,   a l t hough   t he   ga l ax -  
ies of t h i s   c l u s t e r  were  excluded  from  the  investigation.  This is i n  
favor  of  de  Vaucouleurs'  model. However, t h e   d i r e c t i o n   t o   t h e   c l u s t e r  
i n   V i r g o ,  as w e l l  as t o   t h e   c e n t e r  of r o t a t i o n  and t h e   d i r e c t i o n  of  the 
a x i s   o f   r o t a t i o n   a l o n g   e a c h   l a y e r ,  are c l e a r l y   d i s t i n g u i s h e d .  Conse- 
quen t ly ,   t he   ro t a t ion   i n   t he   hype rga laxy   does   no t   occu r   akou t  a unique 
a x i s ,  as is  supposed in   de   Vaucouleurs '   model ,   o r   in   the   Oor t   ro ta t ion ,  
bu t   t he   ga l ax ie s  move around a c e n t r a l  plasma a long   orb i t s   which  are very  
d i s t i n c t l y   o r i e n t e d .  

The motion  of   the  galaxies   in   the  supercluster   reminds  us   of   the  
motion in   an   expand ing  swarm of   bees ,  somewhat compressed i n t o  a plane 
of  symmetry  of d i s t r i b u t i o n   o f   g a l a x i e s .  From the   po in t  of view  of 
mechanics ,   th is  i s  a problem  of many bodies .  The motion of g a l a x i e s   i n  
t h e   f i r s t   a p p r o x i m a t i o n  i s  s t a t i s t i c a l l y   c h a r a c t e r i z e d  by s i x  parameters 
(components of the   t ensor  of d e f o r m a t i o n   v e l o c i t i e s ,   o r  parameters 
equivalent   to   them).  

Thus,   having  proposed  the  rotat ion of galaxies   about   one  axis  
pe rpend icu la r   t o   t he   hype rga lac t i c   p l ane   a long   o rb i t s   cop lana r   t o   t h i s  
p lane ,  we come to   de   Vaucouleurs '  model i n  which,  instead  of  an  expanding 
c l u s t e r  of ga lax ies ,   which  are moving i n   c h a o t i c a l   o r i e n t e d   o r b i t s ,  
a o r t ' s  l a w  of t h e   d i f f e r e n t i a l   r o t a t i o n   w i t h   d i f f e r e n t i a l   e x p a n s i o n  /42 
i n  a hype rga lac t i c   p l ane  is  introduced.  The coord ina te s   o f   t he   d i r ec t ion  
of the   ax is   o f   ro ta t ion   ( two  independent  parameters), t h e   d i r e c t i o n   t o  
the  center   of   rotat ion  (one  independent   parameter) ,   the  parameter of 
r o t a t i o n   ( t h e   O o r t  parameter), and t h e   c o e f f i c i e n t s   o f   t h e   i s o t r o p i c  and 
d i f f e ren t i a l   expans ion   o f   t he   sys t em  co r re spond   i den t i ca l ly   t o   t he   s ix  
tensor  components. The d i f f e r e n c e  of  the real  motion  obtained  according 
t o   t h i s  model l e a d s   t o   t h e   u n r e l i a b i l i t y   o f   t h e  parameters t h a t  are being 
determined . 

I n   t h i s  manner, w e  have  examined  the e f f e c t  of   the  local   anisotropy 
and  have come to   t he   conc lus ion   t ha t  i t  can   be   c l a r i f i ed  by t h e   r o t a t i o n a l  
mo t ion   o f   t he   ga l axy   i n   t he   hype rga laxy   i f   t he   ro t a t iona l   mo t ion  i s  placed 
on   the   i so t ropic   expans ion   of   our  p a r t  of  the  Metagalaxy.  Only  research 
concerning  extragaiact ic   objects   can  answer  the  quest ion of whether  or  not 
the  las t  expansion i s  i s o t r o p i c .  On the  other  hand,  the  theory  of  an 
an i so t rop ic  and a non-homogeneous universe   confirms  (Ref .  45) t h a t   i f   t h e  
least  an iso t ropy  i s  now discovered,   then i t  was s i g n i f i c a n t   i n   t h e  p a s t .  
I n   t h e   l i g h t  of t h i s   s i t u a t i o n ,   t h e   a n i s o t r o p i c  and  non-homogeneous Meta- 
galaxy become more rea l i s t ic  i n   t h e   i d e a l  case of i so t ropy  and  homogeneity. 
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THE INTERACTION OF THE GASEOUS COMPONENTS OF GALAXIES /44 
AND RADIO GALAXIES W I T H  AN INTERGALACTIC  MEDIUM 

N .  S . Kardashev 

Data on a n   i n t e r g a l a c t i c  medium are b r i e f l y   e x p l a i n e d .  New 
obse rva t ion   da t a  on the   deformat ion   of   ga lac t ic   p lanes  on a wavelength 
of 21 cent imeters  are g iven .   Var ious   i n t e rp re t a t ions  of t h i s   e f f e c t  are 
d iscussed .   Obvious ly ,   th i s   e f fec t   can   be   expla ined  by a n   i n t e r a c t i o n  
w i t h   a n   i n t e r g a l a c t i c  medium (hypothesis  of Kahn and  Wolt jer) .  The 
problem  on   the   in te rac t ion   of   ex tended   rad io   ga lax ies   wi th   in te rga lac t ic  
mat te r  are d iscussed .  It  is  probable   tha t   such   an   in te rac t ion  i s  
observed   in   the   case  of NGC 5128. 

Var ious   cons ide ra t ions   t e s t i fy   t o   t he   p re sence  o f   an   i n t e rga lac t i c  
d i f f u s e  medium. In   t he  f irst  place,  most common are the  concepts on the 
condensat ion  process   of   galaxies   which  apparent ly   cont inues a t  the 
present  time [see, f o r  example,  (Ref. l)]. In   the   second  p lace ,  a number 
of   cosmological   hypotheses   require  a much g r e a t e r  mean dens i ty   o f  matter 
i n   t h e   u n i v e r s e   t h a n   t h a t  which i s  obta ined  on the   bas i s   o f   the  masses 
of   ga lax ies .   Thus ,   for   example ,   in   the   equi l ibr ia1  model of   the  universe  
and i n   t h e   r e l a t i v i s t i c  model by E i n s t e i n  and  de S i t t e r  the mean d e n s i t y  

of matter = 3H /8~tG,  where G i s  t h e   g r a v i t a t i o n a l   c o n s t a n t .  For  the 

va lue  of Hubble 's   constant H = ( 4  - sec)  , w e  o b t a i n  p 10 g/cm -1 - 29 3 

which i s  approximately two orders   higher   than  the  average  densi ty   obtained 
throughout   the   ga lax ies .   F ina l ly ,  many au tho r s   no t i ce  a d i f f e r e n c e  
between  the masses of  groups  and c lus te rs   o f   ga lax ies   which  are obtained 
acco rd ing   t o   t he   r e l a t ionsh ip  of the mass t o   t h e   l u m i n o s i t y   ( i . e . ,  from 
t h e i r   r o t a t i o n )  and a c c o r d i n g   t o   t h e   d i s p e r s i o n   o f   v e l o c i t i e s   w i t h   t h e  
he lp  of t h e   v i r i a l  theorem  (Refs. 2-5) .  Even i f   t h e   m a j o r i t i e s  of  these 
ob jec t s  are dynamica l ly   uns tab le   o r   d i s in tegra t ing   (Refs .  1, 2) , (which 
a l s o   t e s t i f i e s   t o   t h e i r   r e c e n t   c o n d e n s a t i o n )   w i t h o u t  a doubt   there  are 
many c l u s t e r s  of ga l ax ie s   w i th  a regular   spher ica l   form  (of   the   type  /45 
of  the known c l u s t e r   i n  Coma B e r e n i c e s ) ,   t h e   s t a b i l i t y  of which i t  i s  
d i f f i c u l t   t o   d o u b t .  It i s  ex t remely   p robable   tha t   in   the  l a s t  case ,   the  
s t a b i l i t y  i s  maintained by a d i f f u s e  medium of   increased  densi ty   exceeding 
i n  mass by once  or  twice  the mass o f   t h e   g a l a x i e s   i n   t h e   c l u s t e r .  

2 

Unfor tuna te ly ,   d i r ec t  attempts t o   d i s c o v e r   a n   i n t e r g a l a c t i c  medium 
a t  the   p resent  time have   no t   l ed   to   any   re l iab le   resu l t s .  However, the 
experiments  conducted  indicate  the  upper l i m i t  of d e n s i t y  and p e r m i t  the  
vo ic ing   o f   qu i t e   l i ke ly   concep t s   r e l a t ed   t o   t he   phys i ca l   p rope r t i e s  
of   th i s   subs tance .  
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I n   s h o r t ,   t h e   r e s u l t s  of  various a t t e m p t s  t o   d i s c o v e r   t h e   i n t e r -  
g a l a c t i c  medium are reduced t o  the  fol lowing.   In   accordance  with  the 
las t  work of  Field  (Ref.   6),   the  upper l i m i t  of dens i ty   o f   t he   neu t r a l  

in te rga lac t ic   hydrogen  is  nH < 2.3 - 10 ~ m - ~ ,  based  on  the  supposit ion 
tha t   the   degree   o f   ion iza t ion  is  no t   g rea t e r   t han  50 percent .   This   value 
was obtained from an   inves t iga t ion   of   the   cont inuous   rad ia t ion   spec t rum 
from the   source  Cygnus A i n   t h e   r e g i o n  of t he  21 c m  l i n e .  The absorp t ion  
by  atoms  of neutral   in tergalact ic   hydrogen  should  form a s l i g h t   d e p r e s s i o n  
i n   t h e  unbroken spectrum of the  source,   which  f la t tens   out   due  to   the  red 
s h i f t   i n t o  the wide  absorption band  which i s  l imi t ed  by t h e   i n s i g n i f i c a n t  
r a d i a l   v e l o c i t y   a n d   t h e   r a d i a l   v e l o c i t y  of  the Cygnus A source.  Approx- 
imately  the same va lue  was r e a c h e d   i n   a n  a t t e m p t  t o   d i s c o v e r   t h e   n e u t r a l  
hydrogen i n   t h e   c l u s t e r s   o f   g a l a x i e s   i n  Coma Berenices ( R e f .  7 ) ,  Corona 
Borea l i s ,  and  Gemini  (Ref. 8). 

-6 

The d i r ec t   d i scove ry   o f   t he   i on ized  component i n   t h e   i n t e r g a l a c t i c  
medium i s  only   s l igh t ly   p robable   s ince   the   in tens i ty   o f   the   fundamenta l  
p rocesses   o f   r ad ia t ion   o f   t he   s t rong ly   r a re f i ed   gas  i s  p r o p o r t i o n a l   t o  
t he   squa re   o f   t he   e l ec t rons   dens i ty   i n   t he   p re sence  of  the  expected 
temperature  on  the  order of  106 degrees   (Ref .   9) ,  w i l l  be ve ry  small. 
The non-thermal   radiat ion  observed,   such as t h a t  from  the  Metagalaxy  on 
the  whole  (Ref. 10) as w e l l  as e v i d e n t l y   t h a t  from c e r t a i n   c l u s t e r s  of 
ga l ax ie s   ( fo r  example  from t h e   c l u s t e r   i n  Coma Berenices)  (Ref.  11) 
te s t i fy   t o   t he   p re sence   o f   an   i on ized   gas .  However, the  non-thermal 
r a d i a t i o n   o n l y  p e r m i t s  the  determination  of  the  magnitude  of  the  magnetic 

f i e l d  (- erg)  and t h e   d e n s i t y   o f   t h e   r e l a t i v i s t i c   e l e c t r o n s .  

The inves t iga t ions   conce rn ing   i n t e rga lac t i c   abso rp t ion  of l i g h t  
accord ing   to  Zwicky (Ref .   12)   ev ident ly   ind ica te  a small quan t i ty   o f  
d u s t   w i t h i n  and i n   t h e   e n v i r o n s  of l a r g e   c l u s t e r s  of ga l ax ie s .  On the  
b a s i s  of the  count ing  of   the  vis ible   remote  galaxies  and c l u s t e r s   o f  
ga l ax ie s   t h rough   t he   c lus t e r   i n  Coma Berenices ,   the   absorpt ion was 
d i s c o v e r e d   i n  a photographic   region  about  Om.7 which for   the  diameter   of  

t h e   c l u s t e r  - 14 Mps y i e l d s  a dus t   dens i ty  of - 10 g/cm (Ref. 5 ) .  I f  
we assume the  magnitude of t h e   r e l a t i o n  of  gas t o  d u s t   t o  be  the same as 
i n  our  galaxy (- 200),   then  from  the  evaluation  obtained we w i l l  f i n d m  

the   dens i ty  of   gas   to   be - 2 * 10 g/cm3, which  approximately  increases 
two-fold  the  upper l i m i t  of dens i ty   ob ta ined  from  observations on a 21 cm 
wavelength  for   the same c l u s t e r .  

- 30 3 
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I n   t h e  same work  by de  Vaucouleurs  (Ref. 5 ) ,  t he re  i s  information 
conce rn ing   t he   r ecen t   unsuccess fu l   e f fo r t   t o   d i scove r   an   i nc reased  
concen t r a t ion   o f   i n t e rga lac t i c  stars in   t he   env i rons  of the  nucleus  of  
t h e   c l u s t e r   i n  Coma Berenices.  Although,  undoubtedly a small number o f  
such  objects  exis t  (Ref.   12),  i t  i s  uncertain  whether   they make up a 
s i g n i f i c a n t  p a r t  of t h e   i n t e r g a l a c t i c  medium. 
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The t h e o r e t i c a l   c o n s i d e r a t i o n s   i n d i c a t e   t h a t   i f   t h e   i n t e r g a l a c t i c  
g a s   i n   e a r l y   s t a g e s   o f   e v o l u t i o n  w a s  i on ized ,   t hen   t he   p robab i l i t y  of 
recombining i,s s o  small t h a t  i t  would  remain  ionized  even up to   t he  
p re sen t  t i m e .  A l l  e x i s t i n g   o b s e r v a t i o n s   a l s o   e v i d e n t l y  a t t e s t  t o   t h e  
f u l l   i o n i z a t i o n  and h igh   tempera ture   o f   th i s  medium. Fur the r   i nves t i -  
ga t ions   conce rn ing   t h i s  are c a u s i n g   g r e a t   d i f f i c u l t y .  

However, w i t h i n   t h e  pas t  few yea r s ,  i t  seems t o  us ,  an  extremely 
favorable   p rospec t ive  was no ted   fo r   r e sea rch   i n   t he  dynamic e f f e c t s  of 
t h e   i n t e r a c t i o n  of t h e   i n t e r g a l a c t i c  medium wi th   t he   gas   i n   t he   ga l axy .  

The work of Kahn and Woltjer  (Ref.  9) was  t h e   f i r s t   f u n d a m e n t a l  
work i n   t h i s   d i r e c t i o n .   I n   t h i s  work ,   t he   poss ib i l i t y  was shown of 
c l a r i f y i n g   t h e   d e f o r m a t i o n   i n   t h e   d i s t r i b u t i o n   o f   g a l a c t i c   i n t e r s t e l l a r  
hydrogen  by  an  examination of t he   f l ux  of intergalact ic   gas   "blowing on" 
to   the  Galaxy.  

THE DEFORMATION  OF THE GASEOUS DISC OF THE G U Y  

As a r e s u l t   o f   t h e   f i r s t   e x p e r i m e n t s   o n   t h e   d i s t r i b u t i o n   o f  
hydrogen in   the   ga laxy ,   accompl ished   on   the   bas i s  of the  observat ions  of  
r a d i a t i o n   i n   t h e  21  cent imeter   l ine   for   bo th   hemispheres ,   in   Hol land  and 
Aus t ra l ia   (Refs .   14 ,  15) ,  i t  was r e v e a l e d   t h a t   t h e   d i s t r i b u t i o n  of 
hydrogen i n   t h e   g a l a c t i c   d i s c  is  n o t   e n t i r e l y   p l a n a r .  Between the  
ga l ac tocen t r i c   l ong i tudes  L = 0 + 120' and a t  d i s t a n c e s  from  the  center 
of  more than  10 k i lopa r secs ,   t he   gas  i s  d i s t r ibu ted   a long   t he   p l ane  of 
the  galaxy; on the   oppos i t e   s ide  i t  l i es  sys temat ica l ly   lower   than   the  
p lane .  The g e n e r a l   d i r e c t i o n  of the   curve   tu rned   ou t   to  be c l o s e   t o   t h e  
direction  toward  the  Magellanic  Cloud. It should   be   no ted   tha t  a l l  of 
t h e s e   r e s u l t s  were r e a c h e d   i n   t h e   p r o c e s s   o f   t h e   v e r y   f i r s t   i n v e s t i g a t i o n s  
o n   t h e   d i s t r i b u t i o n  of hydrogen i n  our galaxy.  Because  of  these  obser- 
v a t i o n s ,  i t  subsequent ly   proved  to   be  possible   to   def ine  the  posi t ion of 
t he   ga l ac t i c   p l ane .  On t h e   b a s i s   o f   t h i s   f a c t ,  a new system of g a l a c t i c  
coord ina tes  was introduced.  The deformation  of   the  gaseous  disc  was 
obtained as a secondary   resu l t .   For  a more d e t a i l e d   i n v e s t i g a t i o n   o f  
t h i s  phenomenon the  Crimean s t a t i o n  of t h e   P h y s i c a l   I n s t i t u t e  of t he  147 
Academy of  Sciences  of  the USSR (Ref. 16) conducted  observat ions  with a 
r a d i o   t e l e s c o p e   i n   t h e  21  c m  wavelength  on a spec ia l ly   coo rd ina ted  
program  (Ref. 17) during 1960-61. On the  p a r t  observed   in   the   nor thern  
hemisphere,   that   of   galact ic   plane ( A  = 0 f 240°), 13 po in t s  were found 
and d i f f e r e d   i n   l o n g i t u d e  by ZOO.  For  each  of   the  selected  longi tudes 
and b = O o * ,  the   prof i le   of   the   21 c m  l i n e  w a s  w r i t t e n  down. Then on 

* 
We always  use  the new system  of   galact ic   coordinates   (Ref .  18), 

and t h e   g a l a c t i c   l o n g i t u d e  i s  correspondingly  counted  from  the  direction 
of   the   cen ter   o f   the   ga laxy .  
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Fig .  1. Height   o f   In te r -S te l la r  Gas Layers Above t h e  
P lane   o f   the   Galaxy   in   Rela t ion   to   the   Dis tance  

from  the.   Center,   for  Longitudes  of 
80, 160, and 200'. 

t h i s   p r o f i l e ,  6 t o  8 f ixed   f r equenc ie s  were se l ec t ed ,   co r re spond ing   t o  
the  various  distances  from  the  Sun. On each  of   these  f requencies ,   cross  
sec t ions  were made in   t he   d i r ec t ion   pe rpend icu la r   t o   t he   p l ane  of  the 
galaxy,  i . e . ,  the  antenna w a s  sh i f t ed   acco rd ing   t o  a p reca lcu la t ed  program 
w i t h   a n   i n t e r v a l   i n  most  cases  of 1 degree   a long   t he   ga l ac t i c   l a t i t ude .  

After  the  normal  procedure  of  observation  processing on the 21  c m  
wavelength  (Ref. 19) , t he   cen te r  of g r a v i t y   o f   t h e   d i s t r i b u t i o n  of 
i n t e n s i t y  of hydrogen w a s  found fo r   each   such   c ros s   s ec t ion   a long   t he  
l a t i t ude ,   fo r   each   f r equency ,  and fo r   each   o f   t he   s e l ec t ed   l ong i tudes .  
The e n t i r e  program  of  observations was repea ted   th ree  times. As a /48 
r e s u l t ,   f o r   e a c h  of the  longi tudes,   the   dependence  of   the  posi t ion  of   the 
cen te r  of g rav i ty   o f   t he   i n t ens i ty  of  hydrogen  layers on the   d i s t ance  from 
the   cen ter   o f   the   ga laxy ,  w a s  determined.   In   Fig.  1, the  obtained 
dependencies  for 3 longi tudes  are given.  Along the   ax is   o f   the   absc issa ,  
t he   d i s t ance  R i s  p ro jec t ed  from  the  center of the  galaxy  along  the axis 
of   the   o rd ina tes  i s  p r o j e c t e d   t h e   a l t i t u d e  z of  the  gaseous  layers  above 
the  plane  of   the  galaxy.  Our d a t a  were shown by  means of small c ros ses .  
For  the  longitudes R = BOo, the  analogous  data  reached by the Dutch 
i n v e s t i g a t o r s  were shown  by small circles.  The compar ison   wi th   the   re l ie f  
c h a r t  of t h e   d i s t r i b u t i o n  of hydrogen i n   t h e   g a l a x y   o b t a i n e d   a c c o r d i n g   t o  
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Fig.  2 .  Relief  Chart  of t he  Hydrogen 
D i s t r i b u t i o n   i n  a Galact ic   Plane 
fo r   t he  Law of   Ci rcu lar   Rota t ion .  

Fig.  3 .  Relief  Chart  of  Hydrogen 
D i s t r i b u t i o n   i n  a Galactic Plane 

f o r   t h e  Law of Rotat ion 
According t o   t h e  Model 

by I. I. Genkin. 
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our   da ta  and the   da ta   reached   concurren t ly  by t h e  Dutch  and the   Aus t ra l ians  
agrees w e l l .  Evident ly ,   for   ind iv idua l   longi tudes ,  we have  succeeded i n  
t r a c i n g   t h e   e f f e c t   b e i n g   i n v e s t i g a t e d   t o   g r e a t   d i s t a n c e s  from  the  center 
of  the  galaxy;  the  magnitude  of  the  deformation  approaches 1 k i lopa r sec  
f o r  A = 80°, and i t  has  an  unusually steep rise i n   d i s t a n c e .   I n   F i g .  2 
t h e   r e l i e f   c h a r t   o f   t h e   d i s t r i b u t i o n   o f   h y d r o g e n  is  shown with  composition 
according  to   our   observat ions.  The a l t i t u d e s  are g i v e n   i n  parsecs. This 
c h a r t  as in   (Re f s .  14, 15) was made on  the  assumption  that   the  model of 
pure ly   c i r cu la r   ro t a t ion   o f   t he   ga l axy  is  c o r r e c t  on t h e   b a s i s   o f   t h e   f a c t  
t h a t  a l l  d i s t ances  are also  determined.  However, r e c e n t l y  a concept  has 
appeared  indicat ing  that   such  an  assumption i s  not   comple te ly   va l id .  
Actual ly ,   the   purely  c i rcular   motion  f rom  the  point   of   view  of  stellar 
dynamics is  on ly   s l i gh t ly   p robab le ,  and ev iden t ly  a major i ty   o f  stellar 
systems,   except   for   c i rcular   motion,   should  pulsate .  I. I. Genkin 
(Ref. 20) made t h e   c h a r t s  of the  dis t r ibut ion  of   hydrogen  presupposing 
the   ex is tence   o f  a r a d i a l   v e l o c i t y  of the  motion KR (R - the   d i s tance  
from the   cen te r  of the   ga laxy) .  The b e s t   r e s u l t  was obta ined   for  
K = -2 km/sec which  coincides w e l l  wi th   the   K-ef fec t   observed   on   d i s tan t  
s tars .  With th i s   assumpt ion ,   the   c lear ly   expressed  s p i r a l  s t ruc tu re   o f  
the  galaxy w a s  ob ta ined ,   con t r a ry   t o   r e su l t s   r eached   i n   t he   a s sumpt ion  
of pure ly   c i rcu lar   mot ion .  We a l s o  made a r e l i e f   c h a r t   f o r   t h e  model  of 
I.  I. Genkin  making  use  of  our  observations and the  observat ions  of   the 
A u s t r a l i a n   i n v e s t i g a t o r s  . 

By means of po in t s  are shown i n   F i g .  3 the  sp i ra l  arms, which were 
obtained by I. I. Genkin   accord ing   to   in te rs te l la r   hydrogen ,  and the  
cont inuous  l ines  are is0 h igh   a l t i t ude   cu rves .  The numbers s i g n i f y   t h e  
h e i g h t   i n  parsecs. The question  concerning  the  fact   whether  the  hydrogen 
i s  compressed i n   r e l a t i o n   t o   t h e   p l a n e   o f   t h e   g a l a x y  or expanded  cannot 
yet   be   considered  conclusively  solved,   s ince  the  K-effect   deals   only  with 
the   g rad ien t   o f   r ad ia l   ve loc i ty  and no t   w i th   t he   magn i tude   i t s e l f .  

The r e s u l t s   o f   t h e   i n v e s t i g a t i o n  of a 21 c m  l i n e   i n   t h e   d i r e c t i o n  
of   the   ga lac t ic   cen ter   dea ls   wi th   the   a f f luence   o f   hydrogen   (Ref .  21) .  
The presence  of a l i n e   o f   a b s o r p t i o n   i n   t h e   p r o f i l e  of  the 21  cm l i n e  
w i t h   p o s i t i v e   r a d i a l   v e l o c i t y   i n   t h e   d i r e c t i o n   t o   t h e   c e n t e r  of the 
galaxy  (Ref.  22) poss ib ly  at tests t o   t h e   r e c e s s i o n   o f   t h e   e n t i r e  /50 
system  of  gas  and s tars  surrounding  the Sun. wi th  a veloci ty   of   approx-  
imately 7 km/sec  from the   cen ter .*   Evident ly ,   the   Aus t ra l ian   inves t iga tors  
(Ref. 23) a r r ived  a t  analogous  deductions.  It i s  d e f i n i t e   t h a t   t h e  l a w  
of   ro ta t ion   essent ia l ly   in f luences   the   magni tude   o f   the   e f fec t  of defor-  
ma t ion   i n   t he   d i s t r ibu t ion   o f   gas ;  however, i t  is  doubt fu l   whether   th i s  
gas w i l l  influence  those  rough  evaluations  which  can  be made a t  the  
present  t i m e  conce rn ing   t he   i n t e rp re t a t ion  of t h i s   e f f e c t .  

* 
The p ro f i l e   o f   t he  21 c m  l i n e   i n   t h e   d i r e c t i o n   t o   t h e   a n t i   c e n t e r  

of  the  galaxy  (Ref.  16) t e s t i f i e s   t o   t h e   p r e s e n c e  of rad ia l   mot ion .  
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I n  s p i t e  o f   t he .   f ac t   t ha t   t he   t endency  of  deformation  of  the 

ga l ac t i c   d i sc   co inc ides   w i th   t he   d i r ec t ion   t o   t he   Mage l l an ic   C loud ,   t he  
e s t i m a t e s   o f   t h e   i n t e r a c t i o n   o f   t h e   i n f l u x   g i v e s   t h e   e f f e c t  as being 
one t o  twQ times less (Ref. 2 4 ) .  Recently,   the  applied  magnitudes  of 
t h e   d i s t a n c e  and masses obtained  for  the  Magellanic  Cloud  have  changed 
somewhat. It has  been  agreed  (Ref. 25)  t h a t   t h e  mass of  the  Major 

Magellanic  Cloud is  (2 .5 f 0 . 6 )  10" Mo and t h a t   t h e   d i s t a n c e  is  63  

k i l o p a r s e c s .  Using this   magni tude and the  component  of g r a v i t a t i o n a l  
acce le ra t ion   pe rpend icu la r   t o   t he   ga l ac t i c   p l ane  K (Ref. 2 6 )  , we have 

determined  the  possible   var ia t ion  under   the  inf luence of t h e   t i d a l  
d i s turbance ,   which   toge ther   wi th   the   observed   var ia t ion   for  A = 80° are 

shown i n   t h e   t a b l e .  The magnitude KZ i s  e x p r e s s e d   i n   u n i t s  0 .324  . 10 
cm/sec . The da ta   ob ta ined   p rev ious ly  shows t h a t   t h e   t i d a l   f o r c e s  may 
e x p l a i n   o n l y   a n   i n s i g n i f i c a n t  p a r t  of  the  observed effect .  As i t  fol lows 
from t h e   o b t a i n e d   r e l i e f   c h a r t s ,   t h e   f a c t   t h a t   t h e   d e f o r m a t i o n   g r a d i e n t  
is  many times l a r g e r   ' i n  a d i r e c t i o n   o p p o s i t e   t o   t h e  Major  Magellan  Cloud 
t h a n   i n   t h e   d i r e c t i o n  toward t h a t   c l o u d ,   t e s t i f i e s   a g a i n s t   t h e   t i d a l  
i n t e r a c t i o n .  

Z 
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A t  the same time, in   (Re f .  9) i t  was persuas ive ly  shown t h a t   t h e  
in te rna l   forces   can   hard ly   suppor t   the   observed   deformat ion .  The 
d i f f e r e n t i a l   r o t a t i o n  of   the  galaxy  and  osci l la t ions  near   the  plane  with 
a frequency  which i s  dependent   on   the   d i s tance   to   the   cen ter ,   should   have  
completely  annihi la ted  such a de fo rma t ion   i f  i t  were formed i n   t h e  moment 
of   the  condensat ion of the  galaxy.  It i s  i r r e f u t a b l e   t h a t   t h e   e x t e r n a l &  
fo rces   suppor t   t he   de fo rma t ion .   In   connec t ion   w i th   t h i s , t he  Kahn and Wolt jer  
assumption  that   the   galaxy is  l o c a t e d   i n  a f l u x  of in te rga lac t ic   gas   which  
i s  r e l a t e d   t o   t h e   l o c a l   s y s t e m  of ga l ax ie s  i s  very  probable   (or   the 
hypothesis  of Gold t o  which Kahn and   Wol t je r   re fe r   concern ing   the   fac t   tha t  
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t h i s   g a s  is  t h e   i n t e r g a l a c t i c  medium n o t   r e l a t e d   t o   t h e   l o c a l   c l u s t e r ) .  
In   bo th  cases, the   approaching   f lux   (F ig .   4 )   whi le   t rave l ing  a t  v e l o c i t i e s  

F ig .   4 .  Diagram  of I n t e r a c t i o n  Between an 
I n t e r g a l a c t i c  Flux wi th  a Galaxy. 

approaching  that  of  sound  (with a d e n s i t y  of t h e   i n t e r g a l a c t i c  medium 

g / ~ m - ~ ,  t empera tu re  T = 0.5 10 , the  speed of  sound a = 120 km/ 6' 

sec) i n f l i c t s  a posi t ive  pressure  on  the  head  and t a i l  s i d e s  of the  
ha lo  of the  galaxy and a nega t ive   p re s su re   i n   t he   pe rpend icu la r   d i r ec t ions  
acco rd ing   t o   t he   Be rnou l l i  law.  The c a l c u l a t i o n  which  they  have  conducted 
shows t h a t   i n   t h e   p r e s e n c e  of t h e   v e l o c i t y  .of. t he   f l ux   o f  60 km/sec,  the 

. a r i s i n g   d i f f e r e n c e   i n   p r e s s u r e s  i s  Ap =. dynes These 
pressures  are t r ansmi t t ed   t o   t he   gaseous   d i sc  and  cause i t s  deformation. 
From t h e   c o r r e l a t i o n  Ap = - KZRp, where R is the   th ickness  of the  gaseous 

d i s c  (- 200 pa r secs> ,  and p is i t s  d e n s i t y ,  one  can  determine,  the  magnitude 
o f   t he   dev ia t ion  z ;  f o r  R = 12 parsecs t h i s   d e v i a t i o n  i s  approximately& 
100 parsecs, and approximately 300 parsecs f o r  R = 14  k i loparsecs .  The 
c a l c u l a t i o n  of t he   r e sonance   e f f ec t   on   t he   o sc i l l a t ion   abou t   t he   ga l ac t i c  
plane and the   ro t a t ion   o f   t he   ga l axy   ev iden t ly  p e r m i t s  to raise these  
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magnitudes  to 150 parsecs a t  a d i s t ance   o f  1 2  k i l o p a r s e c s  and 900 p a r -  
s ecs  a t  a d i s t ance   o f  14 k i lopa r secs .   Th i s  i s  found t o  be i n  agreement 
wi th   observa t ions .  

There are ce r t a in ly   doub t s   r ega rd ing   t he   app l i ca t ion  of the 
equat ion  of Bernoul l i   to   the   p roblem  of   the   c i rcumference   o f   the   ga lac t ic  
ha lo .  It i s  uncer ta in   whether   the   ha lo   has   such  a r e g u l a r   s p h e r i c a l  
form;  according  to   the  isophotes   of   radio  emission  of  M 31 (Ref. 11) i t  
i s  c l e a r   t h a t   t h i s  i s  f a r  from such.  A t  the  same time the re  i s  a b a s i s  
t o   cons ide r   t ha t   t he   magne t i c   f i e ld   o f   t he   ga l axy   ex tends   f a r   ou t   i n   t he  
i n t e r g a l a c t i c  medium (Ref. 2 7 ) .  A l l  of th i s   cons iderably   compl ica tes   the  
t h e o r e t i c a l   a n a l y s i s .  However, t h e   c a l c u l a t i o n s  of Kahn and Wolt jer  
a p p a r e n t l y   r e f l e c t   t h e   f a c t   t h a t   t h e   e n e r g i e s  of  such a type   o f   in te r -  
a c t i o n  are su f f i c i en t   fo r   exp la in ing   t he   obse rved   de fo rma t ion  and t h i s ,  
i t  appears   to   us ,  i s  the   bas i c   po in t .  It seems qu i t e   p robab le   t o  us t h a t  
t he   i nd ica t ed   i n t e rac t ion   can   a l so   gua ran tee   t he   e j ec t ion  of the  gas 
from t h e   p e r i p h e r y   o f   t h e   g a l a c t i c   d i s c   i n   t h e   h a l o .  A s  i s  known, the  
hydrogen  escape  of - M one s o l a r  mass p e r  year  i s  observed  from  the 

cen te r  of  the  galaxy  along  the  plane  (Ref. 2 1 ) .  Recent ly  i t  has  been 
discovered  (Ref.  28) t h a t  from t h e   s i d e   o f   t h e   g a l a c t i c   f o l d s   i n   t h e  
surroundings  of  the  Sun  the  hydrogen  f lows down to   t he   p l ane  of the 
galaxy. The magnitude  of   the  f lux i s  - M per   year  p e r  square 

parsec  of   the  plane of t h e   d i s c   w i t h   t h e   v e l o c i t y   o f  1 2  kmlsec. It i s  
p o s s i b l e   t o  show using  the  energy  values   that   the   cont inual   motion  of   the 
g a l a x y   i n   t h e   f l u x  o f   t he   i n t e rga lac t i c  medium capably  guarantees   such 
c i r c u l a t i o n .  It would  be i n t e r e s t i n g   t o  examine  the  problem  concerning 
t h e   i n t e r a c t i o n  of ga l ax ie s   w i th   t he  medium in   t he   p re sence  of  super- 
s o n i c   v e l o c i t i e s .  The energies   of   such  processes  are s o  g r e a t   t h a t  
poss ib ly  i t  can  secure  even  the  process   of   the   e ject ion  of   gas   f rom  the 
ga l ax ie s  as i s  t h e   c a s e   i n   r a d i o   g a l a x i e s  or  even  the  crushing of 
ga l ax ie s .  In c o n n e c t i o n   w i t h   t h i s  i t  i s  poss ib l e   t ha t   t he   fo rmula t ion  
of the  Magellanic  Clouds i s  t h e   r e s u l t   o f   t h e  same cause.  

0 

0 

A t  t he   p re sen t   t ime ,   ce r t a in   o the r   ga l ax ie s  are a l s o  known which 
apparent ly   possess   deformation  of   the  gaseous  disc .  The Burbidges 
(Ref. 29) (see Fig .  5) n o t e d   t h a t   i n  NGC 5866 a s p i r a l  galaxy  observed 
almost  exactly  from  the  edge a t h i n  s t r i p  of d u s t  matter wi th  a th ickness  
of 2-3" is  s l i g h t i y   i n c l i n e d  a t  an  angle  of 2' r e l a t i v e   t o   t h e  major  axis 
which i s  being  determined by the   d i s t r ibu t ion   o f   t he   l uminos i ty ,   Th i s  
e f f e c t   i n   o u r   g a l a x y  i s  approximately  twice as g r e a t .  Here i t  i s  aga in  
v i s i b l e   t h a t   t h e   d e f o r m a t i o n   h a s  a non-e f f luv ia1   cha rac t e r   s ince   t he  
s t e l l a r  component of t he   ga l axy   does   no t   pa r t i c ipa t e   i n   t he   i nc l ina t ion .  
It seems t o  us tha t   t he   i nves t iga t ion   o f  similar objec ts   can   g ive  much 
informat ion   concern ing   the   ve loc i t ies   o f   mot ion   of   the   in te rga lac t ic  
medium i n   v a r i o u s   p o i n t s  of the   un iverse .  



57 

Fig.  5. Deformation of a  Dust  Belt in the Galaxy NGC 5866 ( S O ) .  
Distance 12 Mparsecs, Thickness of Dust Belt 120-180 parsecs, 

Inclination - 2O (H = 75 km/sec Mparsecs). 



58 

THE INTERACTION OF THE INTERGALACTIC MEDIUM 
WITH RADIO GALAXIES 

/54 

Thanks to   the   successes   o f   rad io   as t ronomy a t  the   p re sen t  t i m e ,  
i t  i s  known t h a t  a majori ty   of   the   sources   of   non-thermal   cosmic  radio 
emission are connected  with  extremely  remote  galaxies .   These  objects  
which  have  received  the name rad io   ga l ax ie s   fo r   t he i r   unusua l ly   power fu l  
radio  emission  can  be  subdivided  into two types .  The dimensions  of  the 
r ad io   emi t t i ng   r eg ions  of c e r t a i n  of  these are found  wi th in   the   op t ica l ly  
observed  galaxy;  for  example , such a galaxy i s  NGC 1068. Others  and  the 
most i n t ense   have   r eg ions   o f   r ad io   emis s ion   s i t ua t ed   f a r   ou t s ide   t he  limits 
of   the   op t ica l ly   observed   ob jec t .  A t y p i c a l  example  of  such a type i s  
the  source Cygnus A .  There are q u i t e  a few objec ts   o f   the  mixed type: 
possessing  both a source   wi th  small angular  dimensions  and a source  of  
g r e a t e r   e x t e n t .  A c h a r a c t e r i s t i c  example  of  such a type is  the  galaxy 

f4hi0" 13 "SO " tSh30" 

Fig .  6 .  Radio  Emission  Isophotes  on a 
Wavelength  of 21 cm. 
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NGC 5128. The reg ions   o f   rad io   emiss ion   of   th i s   source   ex tend   to  /55 
a d i s t ance   o f  1 megaparsec  and  possibly  even  farther.  Such formations 
possess a comple t e ly   i n s ign i f i can t  mass in   t he   p re sence   o f   g i an t  dimen- 
s i o n s ,  and t h e r e f o r e   t h e   e f f e c t s  of t he  dynamic i n t e r a c t i o n   w i t h   t h e  
i n t e r g a l a c t i c  medium i s  f o r  them e s p e c i a l l y   g r e a t .   I n   F i g .  6 are shown 
the  isophotes  of  the  radio  emission  of  the  expanded  source NGC 5128 
obtained by Bolton  and  Clark ( R e f .  3 0 ) .  A small c i r c l e   i n   t h e   c e n t e r  
shows the   op t ica l ly   observed   ob jec t .   Accept ing   the   d i s tance   to   be  5 
megaparsecs, we w i l l  f i nd   t he  volume of the  expanded  source 2 . 1071 cm3 

for   each   c loud ,  and a t  a d e n s i t y  10 g cm-3 i t s  mass w i l l  be 10 M -29 9 
0' 

A t  the same time, when a c r o s s   s e c t i o n  of 4 cm2 t h e   c o l l e c t i v e  

mass of  the  f lux  which "blows  out"  with a ve loc i ty   o f  lo3 km/sec f o r  200 
years  w i l l  have  the saqe magnitude.  Therefore,  i t  i s  extremely  probable 
t h a t   t h e  asymmetry v i s i b l e   i n   F i g .  6 i n   t h e   l o c a t i o n   o f   t h e  expanded 
source i s  connec ted   wi th   the   e f fec t   o f  i t s  d e c e l e r a t i o n   i n   t h e   g a l a c t i c  
medium. The cha rac t e r   i t s e l f   o f   t he   i sopho tes   a l so   appa ren t ly   dea l s  
wi th   the   p resence   o f   the   f lux   o f   gas  moving  from t h e   s i d e  of the least  
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Photograph  of  Radio  Galaxy NGC 5128 . 
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d i r e c t   a s c e n s i o n .  On the  photograph  of  the  nebula  the " ta i l "  extended& 
a long   t he   d i r ec t ion  of  the  expansion  of  the  dust  matter a t t rac ts  a t t e n t i o n .  
This t a i l  i s  drawn (Fig.  7) c l o s e   t o   t h e   i n t e r s e c t i o n   w i t h   t h e   i s o p h o t e s  
of rad io   emiss ion  of the   p lane  of the  galaxy.  It is  mentioned i n  (Ref. 
31) , t h a t   t h i s   d e t a i l   l a y s   a l o n g   t h e  same small c i r c l e  on the   sphere ,  as 
the  known p r o j e c t i o n  of radio  emission  isophotes ,   which  departs  from the  
plane  of  the  galaxy. 

20h fBh Idh l V h  tZh IOh 
DIRECT ASCENT 

Fig .  7 .  Diagram of  Radio  Emission  Isophotes on a 
Frequency of 600 mc Which I l l u s t r a t e s   t h e  

Junc t ion   o f   Ce r t a in  Details wi th   the  
Radio  Galaxy NGC 5128. 

The i n t e r p r e t a t i o n  of t h i s   fo rma t ion  as a cloud of a f l a r e d  up super 
nova  very  c lose  to   the  Sun,   encounters  a number of d i f f i c u l t i e s .   F . i r s t  
of a l l ,  i t  i s  necessary  to  mention  the  absence o f  any  opt ical   luminescence 
from th i s   fo rma t ion .  

In   connec t ion   wi th  a l l  t h a t  was s t a t ed   p rev ious ly ,  i t  i s  poss ib l e  
f o r  us to   suppose   t ha t  a l l  t h e s e   d e t a i l s   r e p r e s e n t  a small cloud of 
g igant ic   expans ion   (wi th   the   d iameter  of about 5 megaparsecs)  ejected 
from the  same source NGC 5128, and then   sh i f ted   under   the   in f luence  of 
the  f low of i n t e r g a l a c t i c   g a s .  The f a r t h e s t   o p t i c a l  and   r ad io   a s t ro -  
nomica l   inves t iga t ions  of s i m i l a r   o b j e c t s  are ex t remely   poss ib le   for   the  
exp lana t ion   o f   t he   na tu re   o f   t he   i n t e rga lac t i c  medium. 
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ON THE GRAVITATIONAL  PARADOX 

BY 

A. Y a .  K i p p e r  

- I 5 8  

A gravi ta t iona l   paradox  occurs  when the  laws o f   g rav i ty  are 
ex tended   t o   an   i n f in i t e   un ive r se .  The l a w  o f   g r a v i t a t i o n  i s  expressed 
by d i f f e r e n t i a l   e q u a t i o n s   f o r   t h e   m e t r i c   t e n s o r  g of the   genera l   theory  

of r e l a t i v i t y   o r  by a d i f f e r e n t i a l   e q u a t i o n   f o r   t h e   p o t e n t i a l  R i n  a non- 
r e l a t i v i s t i c   a p p r o x i m a t i o n .   I n   t h i s   t y p e  of formula t ion   the  l a w  of 
g r a v i t a t i o n  i s  a l o c a l  l a w ;  i . e . ,  i t  i s  g i v e n   f o r   a n   i n f i n i t e s i m a l  
time-space  volume. 

ClU 

I n   o r d e r   t o   o b t a i n  a l a w  wi th in   t he   boundar i e s   fo r   t he   i n f in i t e  
universe  as a whole  from  the  local l a w  of g r a v i t a t i o n   f o r   f i n i t e   r e g i o n s ,  
i t  i s  n e c e s s a r y   t o   i n t e g r a t e   t h e   f i e l d   e q u a t i o n s .  

The procedure   o f   in tegra t ion   inc ludes   the   def in i t ion   o f   boundary  
c o n d i t i o n s .   I n   t h e   n o n - r e l a t i v i s t i c   t h e o r y   t h e   f i e l d   e q u a t i o n s   c o i n c i d e  
with  the  Poisson  equat ion,  and the  boundary  conditions,  which are 
e s s e n t i a l   f o r  i t s  so lu t ion ,   p resent   the   requi rement   tha t  a t  i n f i n i t e  
r emote   po in t s   i n  space the   dens i ty   o f  matter should  approach  zero.  But 
the   ac tua l   un iverse  i s  not   cons t ruc ted   in   such  a manner t h a t  would p e r m i t  
the  boundary  conditions  to be f u l f i l l e d ,  and w e  encounter a con t r ad ic -  
t i o n  known as the   g rav i ta t iona l   paradox.   Consequent ly ,   the   g rav i ta t iona l  
paradox i s  a r e s u l t  ob ta ined   in   p rocess  of cosmological  problems. 

An a t t e m p t  i s  made i n   t h i s  p a p e r  to   so lve   the   Poisson   equat ion  
wi thout   es tab l i shment  of  boundary cond i t ions .  

A R = - 4nnp 

i s  usua l ly   so lved  by  means o f   t he   i n t eg ra l  

r n  
N 

The Poisson  equat ion 

n a 3 y  

I f   s u c h  a l i m i t  e x i s t s ,   t h e   i n t e g r a l   a c t u a l l y   p r e s e n t s  a s o l u t i o n  
t o  the   equat ion .  However, i n   o r d e r   f o r   t h i s  l i m i t  t o   e x i s t ,  i t  i s  
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necessa ry   t ha t   t he   dens i ty   o f  .matter p (5) d imin i sh   qu i t e   r ap id ly  a t  
r emote   po in t s   i n  space. I f   these   boundary   condi t ions  are n o t   f u l f i l l e d ,  
i n t e g r a l  (2) diverges   and  the  gravi ta t ional   paradox  occurs .  

The d ivergence   o f   in tegra l  (2) s i g n i f i e s   t h a t  i t  does  not  have a 
numerical   value.  However, f o r   c e r t a i n  problems among them  and problems 
of a cosmolog ica l   na tu re   t he   d ive rgen t   i n t eg ra l s   can   be   u t i l i zed .   In  
t h i s   a r t i c l e   t h e   d i v e r g e n t   i n t e g r a l s   a r e  used as a r e s u l t  of the  general-  
i z a t i o n   i n   t h e   c o n c e p t   o f   i n t e g r a l s  which  have  an  inf ini te ly   extensive 
i n t e g r a t i o n .  The gene ra l i zed   i n t eg ra l  is 

and i s  known as a n   i n t e g r a l   h a v i n g   a n   a c t u a l l y   i n f i n i t e   e x t e n t  of i n t e -  
g r a t i o n .  By t h i s   d e s c r i p t i o n  i t  i s  s t ressed   tha t   the   p rocedure   o f  
ca l cu la t ing   t he  l i m i t  accordi.ng  to  formula (2) i s  not   inc luded   in   the  
de te rmina t ion   of   the   in tegra l .  

A gene ra l i zed   i n t eg ra l  i s  not  a mathematical   object  which  can be 
expres sed   i n   ac tua l  numbers. However, genera l ized   in tegra ls   do   y ie ld  a 
corresponding  analysis  and  prove  to be convenient   for  a p resen ta t ion  of 
t h e   p o t e n t i a l  R of   un ive r sa l   g rav i t a t ion .   Gene ra l i zed   i n t eg ra l s   so lve  
the  problem of the   g rav i ta t iona l   paradox.  

A p h y s i c a l   i n t e r p r e t a t i o n   o f   t h e   r e s u l t s   o b t a i n e d   i n   t h e   f i r s t  
p a r t  o f   t h i s   a r t i c l e  i s  g iven   in   the   second p a r t .  It has  been shown 
t h a t  two systems  of  measuring  space and t i m e  s h o u l d   e x i s t .  These  systems 
are c a l l e d   g r a v i t a t i o n a l  and atomic.  It should be  noted  that   the 
existence  of  such  systems  has  been  postulated ear l ier  by Milne. Not 
long  ago  Blakesley  developed a hypothesis  f o r  two va r i e t i e s   o f   t ime .  

INTRODUCTION (60 

For i n f i n i t y  as a whole,   the   gravi ta t ional   paradox becomes a 
con t r ad ic t ion   i n   t he   ca se   o f   t he   app l i ca t ion   o f   t he  laws o f   g r a v i t a t i o n  
of f i n i t e   r e g i o n s  of the  universe .  The l a w  o f   g r a v i t a t i o n  i s  expressed 
by t h e   d i f f e r e n t i a l   e q u a t i o n s   f o r   t h e   m e t r i c   t e n s o r  g i n   t h e   g e n e r a l  

theory of r e l a t i v i t y ,   o r  i t  i s  expressed by t h e   d i f f e r e n t i a l   e q u a t i o n   f o r  
t he   po ten t i a l  R i n   t he   non- re l a t iv i s t i c   app roach .  The presence of mat te r  
which   causes   the   f ie ld  is  t aken   i n to   cons ide ra t ion   i n   t he   equa t ions  by 
means of   the   t ensor   o f   mat te r   o r   the   dens i ty   o f   the  material i n  a non- 
r e l a t i v i s t i c   a p p r o a c h .  The f i e l d   e q u a t i o n s  combine the   de r iva t ions  of 

v u  



65 

the  metric t enso r  g ( o r   t h e   p o t e n t i a l  R) a long   the   coord ina tes  a t  a 

g iven   po in t   wi th   the   t ensor   o f   the  matter (or   the  densi ty   of   the  material) 
a t  t h i s   p o i n t .   I n   s u c h  a formulat ion,   the  l a w  of g r a v i t y  a p p e a r s  t o  be 
a l o c a l  law; t h a t  i s ,  i t  i s  g i v e n   f o r   a n   i n f i n i t e l y  small space-time 
volume. 

PV 

I n   o r d e r   t o   e x t e n d   t h e  l a w ,  i n  i t s  most   useful   form,   to   the 
i n f i n i t e   u n i v e r s e  as a whole  from  the  local l a w  of g r a v i t a t i o n   f o r   f i n i t e  
r eg ions   o f   t he   un ive r se ,   i n t eg ra t ion   o f   t he   f i e ld   equa t ions  is  necessary.  
Here, d i f f i c u l t i e s  arise, one  of  which is  known as t h e   g r a v i t a t i o n a l  
paradox. The equat ions   o f   the   f ie ld   themselves  are f r e e  from a similar 
type   o f   cont rad ic t ion  and can  be  correct ly   recognized as r e f l e c t i n g   t h e  
o b j e c t i v e   t r u t h .  The e q u a t i o n s   o f   t h e   g r a v i t a t i o n a l   f i e l d   i n  a non- 
r e l a t i v i s t i c   a p p r o a c h   g i v e   t h e   e q u a t i o n   o f   P o i s s o n   ( 0 . 1 )  ; t h a t  i s ,  t he  
equat ion  i s  an e l l i p t i c a l  type.  For i t s  s i m p l e  s o l u t i o n ,  i t  is necessary 
t o  se t  the   va lue   o f   the   po ten t ia l  R a t  a c e r t a i n   s u r f a c e  u surrounding a 
c e r t a i n  volume V, or  as i t  i s  o f t e n   s t a t e d ,  i t  i s  necessa ry   t o  set  /61 
d e f i n i t e  boundary  conditions  on  the  surface 0 .  I n   o r d e r   t o  arrive a t  a 
s o l u t i o n  of t h e   P o i s s o n   e q u a t i o n   f o r   t h e   e n t i r e   i n f i n i t e   s p a c e   ( t h a t  i s ,  
as V a), i t  is  necessa ry   t o  se t  the   va lue   o f   the   po ten t ia l  R a t  an  
in f in i t e ly   r emote   su r f ace  U. 

l i m  R = cons t .  
( P C 0  

On the   bas i s  of   the  Poisson  equat ion (0.1) t h i s  i s  equa l   t o   t he   r equ i r e -  
ment 

l i m  p = 0.  
U+ 

This   exp res ses   t he   fo l lowing   cond i t ion :   i n   t he   i n f in i t e   un ive r se ,  i t  is  
poss ib l e  to a s s i g n  a c i rdumference   to  a c e r t a i n   s p h e r e   w i t h  a s u f f i -  
c i e n t l y   l a r g e   r a d i u s  so  t h a t ,  a t  po in t s   ou t s ide   t he   sphe re ,   t he   dens i ty  
of matter w i l l  prove  to   be less than  any small number assigned  before-  
hand. The expression  "boundary  condi t ions  on  an  inf ini te ly   remote 
su r face  u" i s  not   exac t   s ince   the   mot ion   of   an   in f in i te ly   remote   sur face  
i s  not   connected  with a d e f i n i t e   s u r f a c e .  It i s  a p p r o p r i a t e   t o  name the  
boundary  conditions as u -+ 05 the   extreme  condi t ions,   s ince  the  corre-  
sponding  extreme  value  of p (o r  R) i s  assigned by  means of   these  
condi t ions .  

There is  a d e f i n i t e   s o l u t i o n   t o   t h e   P o i s s o n   e q u a t i o n   i f   t h e   d e n s i t y  
p s a t i s f i e s   t h e  boundary  conditions  and,  on  the  other  hand, a s o l u t i o n  is  
no t   ava i l ab le   ( s ave   fo r   ce r t a in   excep t5ons ;  see, f o r  example,   the  footnote 
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on page 67) i f   t h e  boundary  conditions are n o t   s a t i s f i e d .  On the   o the r  
hand,   the  universe ,   constructed so  t h a t  some kind  of  boundary  conditions 
f o r  p migh t   be   s a t i s f i ed ,   can   be   ca l l ed   i n f in i t e   on ly   cond i t iona l ly .   In  
the  real universe ,   the   dens i ty   o f  matter p on  the   sur face   o f  CI -+ a, does 
not   approach  zero.   This   contradict ion i s  e x p r e s s e d   i n   t h e   f a c t   t h a t   f o r  
t h e   r e a l l y   e s s e n t i a l   i n f i n i t e   u n i v e r s e ,   t h e   P o i s s o n   e q u a t i o n   h a s  no 
so lu t ion .   Th i s   con t r ad ic t ion  i s  known as the   g rav i t a t iona l   pa radox .  
According  to  what was s t a t ed   p rev ious ly ,   t he   g rav i t a t iona l   pa radox  arises 
as a r e s u l t  of t h e   l i m i t a t i o n  of  the  mathematical   apparatus s t i l l  being 
used  for  the  solution  of  cosmological  problems. 

A.  E ins te in   has   a l so   po in ted   ou t   the   incompat ib i l i ty   be tween 
boundary  conditions and the  physical   essence  of   the  universe .  It i s  
p o s s i b l e   t o   s o l v e   f i e l d   e q u a t i o n s   w i t h i n   t h e   g e n e r a l   r e l a t i v i t y   t h e o r y ,  
without  determining  boundary  conditions,   assuming  that   the  universe i s  
space   l imi ted .  However, i n  s p i t e  o f   the   log ica l   sequence  and beauty of 
the  models of the   enc losed   un iverse ,   f rom  the   po in t   o f   v iew  of   ph i l i -  
sophical  knowledge  they seem u n s a t i s f a c t o r y .  I n  t h e   p r e s e n t   i n v e s t i g a t i o n ,  
an a t t e m p t  i s  being made t o  se t  up a hypo thes i s   o f   t he   i n f in i ty  of the  
universe  which was p a r t i a l l y   e s t a b l i s h e d  by b r i l l i a n t   a c h i e v e m e n t s  /62 
i n   t he   gene ra l   t heo ry  of r e l a t i v i t y ,  but.   not  without  doubt.  An a t t e m p t  
i s  being made t o   s o l v e   t h e   e q u a t i o n   o f   t h e   g r a v i t a t i o n a l   f i e l d   i n  non- 
re la t iv i s t ic   approach   wi thout   the   boundary   condi t ion :  p -+ 0 as 0 - a. 
Basical ly ,   the   concept   of  a so lu t ion   to   the   p roblem i s  c o n t a i n e d   i n   t h e  
fol lowing.  

The usual  method of so lu t ion   of   the   Poisson   equat ion  

f o r  a l l  un iversa l   space  i s  conta ined   in   the  two s t e p s   o f   c a l c u l a t i o n .  
F i r s t  of a l l  i t  i s  assumed tha t   t he   dens i ty   o f   ma t t e r  p ( x )  i s  a func t ion  
of  the  coordinates x of the   po in ts   o f   space   tha t  are d i f f e r e n t  from 

z e r o   o n l y   i n  a c e r t a i n   f i n i t e  volume V.  Then 
j 

i s  t h e   s o l u t i o n  of equat ion   (0 .1) .  It i s  f u r t h e r   c o n s i d e r e d   t h a t   t h e  
i n f i n i t e   u n i v e r s e  i s  something  l ike a copy  of f i n i t e   s y s t e m s   o f   g r a v i -  
t a t i n g   b o d i e s .  The only  difference  between them i s  t h e   f a c t   t h a t  volume 
V of   the   en t i re   un iversa l  space i s  in f in i t e .   Th i s   can  be  summarized as ,  
t h a t   f o r   t h e   i n f i n i t e   u n i v e r s e ,  
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whereby  the   in tegra l   in   the  las t  express ion  i s  understood  to   be  the l i m i t  
o f   t h e   e n d l e s s l y   i n c r e a s i n g   f i n i t e  volumes  of i n t e g r a t i o n  V. I f   such  a 
l i m i t  e x i s t s ,   t h e n   t h e   i n t e g r a l   ( 0 . 3 )  w i l l  b e   a c t u a l l y   t h e   s o l u t i o n  of 
the  Poisson  equat ion (0 .l) . 

The convergence  of   the  integral   (0 .3) ,   or   the   exis tence  of  a 
cor responding   boundary , requi res   def in i te   c 'ondi t ions   for   the   subin tegra l  
express ion;   tha t  i s ,  fo r   t he   dens i ty   func t ion   p (x ' ) ,   wh ich  is  reduced   to  
the   r equ i r emen t   t ha t   p (x ' )   dec rease   su f f i c i en t ly   w i th   d i s t ance   i n   t he  
inf in i te ly   remote   po in ts .   In   o ther   words ,   p (x ' )  as a func t ion  of t he  
coordinates ,   should  sat isfy  the  corresponding  specif ied  boundary 
cond i t ions .*   I f   t he   spec i f i c   cond i t ions  are n o t   f u l f i l l e d ,   t h e   i n t e g r a l  
(0.3)  diverges and we have a case  of the   g rav i ta t iona l   paradox.  

The divergence  of   the  integral  (0..3) s i g n i f i e s   t h a t   t h i s   i n t e g r a l  
does  not  have a de f in i t e   numer i ca l   va lue .  However, t he   d ive rgen t   i n t e -  
g ra l s   can   be   u t i l i zed   fo r   t he   so lu t ion   o f   ce r t a in   cosmolog ica l  problems 
among them. I f  i t  i s  expedient   to   determine  the  mathematical  /63 
meaning  of t h e  symbols  which are b e i n g   c a l l e d   g e n e r a l i z e d   i n t e g r a l s ,  
then,independent of the  convergence  of  divergence  of  the  integrals,  i t  
i s  poss ib l e   t o   exp res s   t he   phys i ca l  laws of  connections by these  symbols. 
The gene ra l i zed   i n t eg ra l  i s  as follows: 

and we s h a l l   a l s o   d e f i n e  i t  as a n   i n t e g r a l   w i t h   a n   a c t u a l l y   i n f i n i t e  
volume  of i n t eg ra t ion .   Th i s   exp res s ion   emphas izes   t he   f ac t   t ha t   t he  
procedure   for   ca lcu la t ing   the  l i m i t  f o r   a n   e n d l e s s l y   i n c r e a s i n g   f i n i t e  
volume o f   i n t e g r a t i o n  V + OJ i s  n o t   i n c l u d e d   i n   t h e   d e f i n i t i o n   o f   t h e  
i n t e g r a l .   S i n c e   t h e  volume  of un iversa l   space   cor responds   to   the  
magni tude   o f   in tegra t ion ,   the   de te rmina t ion   of   the   in tegra l  (0 .4)  s i g -  
n i f i e s   t h a t   t h e   i n f i n i t y  o f  the   un iverse  i s  examined as a c t u a l   i n f i n i t y .  * 

The f u l f i l l m e n t  of  boundary  conditions when p ( x ' ) ,  i s  s a t i s f a c t o r y ,  
bu t   no t   essent ia l   for   the   convergence   o f   the   in tegra l   (0 .3) .   There  are 
ava i l ab le   func t ions  of p(x ' )   which  do  not   sat isfy  the  boundary  condi t ions,  
i n   t he   p re sence   o f   wh ich   t he   i n t eg ra l  ( 0 . 3 )  converges. A known 
example of such a p (x ' )  i s  the  matter dens i ty   func t ions  by C h a r l e s   i n   h i s  
model of t he   un ive r se .  However, the  Charles   hypothesis  i s  of l i t t l e  va lue .  
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Two concepts  of  infinity  are  sometimes  distinguished  in  the  theory 
of  numbers.  These  concepts  are  known  as  potential  and  actual  infinities, 
whereby  extremely  deep  meaning  is  attached  to  these  terms.  Infinitive 
numbers  are  considered  to  be  actually known, if  the  definition  of  numbers 
is a  criterion,  by  means  of  which  it  is  possible  to  determine  definitely 
whether  a  specified  object  (really  existing  or  abstractly  conceived) 
is  included  in  these  numbers.  Thus,  for  example,  the  evaluation of 
universal  space"  is  numbers  of  its  points -- a  determination  which  is 
actual  since  it  is  considered  that  a  point in space  is  a  completely 
determined  object.  Actually,  determined  endless  numbers  are  known  to  be 
actually  endless. 

I 1  

On the  other hand, the  infinity of universal  space  can  be  under- 
stood  as  potential  infinity.  If  a  certain  suitably  large  volume  of  space 
V is  set up,  there  will  always  be  a  potential  possibility  to  set  up  a 
volume V' completely  including  volume V. The  concept  of  potential 
infinity  of  space  is  expressed  by  this  potential  possibility. 

It  is  apparent  that  the  image  of  the  world  as an actually  infinitive 
problem  of  boundary  conditions  does  not  make  any  sense  at  all.  The 
formulation  of  the  specific  conditions  contains  Latently  the  presentations 
of  the  infinity of the  universe  in  the  sense  of  potential  infinity.  The 
mutual  bond  between  the  concepts  of  actual  and  potential  infinities  is 
still  not  completely  solved  by  mathematical  logic.  However, it seems  to 
us that  the  essence of the  universe  is  encompassed  in  the  concept  of  actual 
infinity  much  deeper  than  in  the  concept  of  potential  infinity.  With 
respect  to  this,  the  determination of the  integral (0 .4 )  as  the  integral 
with  an  actual  infinite  magnitude  of  integration V, gives  more 

than  the  integral (0.3), which  is  connected  with  the  calculation  of  the 
limit  and  with  the  presentation  concerning  potential  infinity  of  the 
universal  space. 

/64 

The  generalized  integral ( 0 . 4 ) ,  the  exact  determination  of  which 
is  presented in the  following  paragraphs,  is  not  a  mathematical  object 
expressed in real  numbers.  However,  the  generalized  integrals  are  given 
over  to  the  corresponding  analysis  -and  are  no  less  suitable  for  the  pres- 
entation  of  the  potential R of  universal  gravitation  and  usual  functions 
of the  coordinates  of  the  points  of  space. 

The  basic  idea of the  solution  of  cosmological  problems  with  the 
help  of  mathematical  formalism  distinct  from  the  formalism of classical 
physics  is,  generally  speaking,  not  new.  Quantum  mechanics  applies  a 
mathematics  which  is  qualitatively  distinct  from  the  mathematics  of 
traditional  physics.  Since  cosmic  dimensions  differ s o  significantly 
from  everyday  dimensions,  such  as  do  the  hydrophysical  dimensions,  there 
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i s  no th ing   a s ton i sh ing   abou t   t he   f ac t   t ha t   i n  cosmology, i . e . ,  i n  
physics  of  super-large  dimensions,  we encounter  circumstances  compelling 
t h e   a p p l i c a t i o n  of c a l c u l a t i v e  methods  which are d i s t i n c t  from  the  usual 
methods . 

The n o n - r e l a t i v i s t i c   t h e o r y  of g r a v i t a t i o n  i s  based  on  the  f ie ld  
equat ion   ( the   Poisson   equat ion)  and  on the  equation  of  the  motion  of 
matter i n   t h e   f i e l d .   I n   t h i s   i n v e s t i g a t i o n  are gene ra l i zed   a l so   t he  
equat ions  of   the   motion of particles i n   t h a t   f i e l d ,   i n   a d d i t i o n   t o  Q 
p o t e n t i a l  of un ive r sa l   g rav i t a t ion .   In s t ead   o f  common values  x it is 

e x p e d i e n t   t o   u t i l i z e   i n   t h e   c a p a c i t y  of coord ina tes ,   the   genera l ized  
integrals   of   the   fol lowing  form 

j 

whereby  the  expression (0.5) i s  a l s o  a reor ien ta t ion   formula ,   which  
combines  the  system of coord ina tes  (x.) . exp res sed   i n  common va lues ,   w i th  

the  system  of   coordinates  ( 5 . )  e x p r e s s e d   i n   g e n e r a l i z e d   i n t e g r a l s .   I n  

the   log ica l   theory ,  i t  i s  a l so   necessa ry   t o   app ly  two systems of time 
t and I- so t h a t   ( x ,   t )  and ( 5 ,  T) are qua l i t a t ive ly   d ive r se   sys t ems   o f  
coord ina tes  of space-time. I n   t h e   n o n - r e l a t i v i s t i c   t h e o r y ,  t and T are 
t h e   u s u a l   q u a n t i t i e s .  

J 

J 

The second  ha l f   o f   the   p resent   inves t iga t ion  i s  devoted   to   the  
p h y s i c a l   i n t e r p r e t a t i o n  of r e s u l t s   r e a c h e d   i n   t h e   f i r s t   h a l f  of t he  work. 
An at tempt  i s  being made to   p rove   t ha t   t he   quan t i t a t ive ly   d ive r se   sys t ems  
of coord ina tes  (x, t ,  and 5 ,  T) mentioned earlier r e f l e c t   t h e   a c t u a l  
e x i s t i n g   d i s t i n c t i o n .  Of course ,  i t  is  no t   necessa ry   t o   be l i eve   t ha t  
t h e r e  are two spaces and two times somehow pushed i n t o  one  another.  The 
space-time continuum i s  one,  but  this  continuum  can  be  measured  by /65 
inst ruments  of diverse   physical   nature .   For   example,  two types  of  clocks 
e x i s t   ( c a l l e d  atom  and g rav i t a t iona l   c locks )   and   t hose  and o t h e r s  are 
v a l i d , b u t   i n   v i e w   o f   t h e   d i f f e r e n c e  of t he i r   phys i ca l   na tu re ,   t hey  
cannot  be  synchronized. 

The ex is tence   o f  two systems  for  measurement of time and s p a c e   i n  
t h i s   i n v e s t i g a t i o n ,  i s  based   a l so  on the Weyl pr inciple ,   which asserts 
t h a t  i t  is  no t   exped ien t   t o   pos tu l a t e   t he   o r ig ina l   ex i s t ence   o f   dev ices  
f o r   t h e  measurement  of d i s t ance  and time lapse,  i n   o r d e r   t o   c o n s t r u c t  
a g e n e r a l   r e l a t i v i t y   t h e o r y .   S u c h  a device may be  constructed  on  the 
bas i s   o f   an   ex is t ing   theory .  It i s  a l s o   n e c e s s a r y   t o   n o t e   t h a t   i n   h i s  
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time , Milne  postulated  the  exis tence  of  two sys tems for  the  measurement 
o f  time. Recently a two-time  hypothesis was developed by Blakesley.  

The atom  and g r a v i t a t i o n a l   c l o c k s   a r e   v a l i d ;   t h e r e f o r e , t h e r e  i s  
no  physical   reason  to   consider  some of them to  be  fundamental .   But   just  
the  same, i f  you cons ide r ,   f o r  example, the  atom time t o  be va l id   t hen  
you w i l l  come to   t he   conc lus ion   t ha t   t he   cons t an t   o f   g rav i t a t ion  w i l l  be 
changed.  This i s  t h e  well known Dirac hypo thes i s .   I n   t he   p re sen t  
research ,  i t  w i l l  be  regarded as a consequence of the  theory of un iversa l  
g r a v i t a t i o n   i n  a non-relat ivis t ic   approximation.   Another   consequence are  
the   r e su l t s   fo l lowing ,   wh ich   i n   t he  atom system of  measuring  space and 
time, a vacuum should   have   the   charac te r i s t ics  o f  ou t s t and ing   g rav i t a t ing  
material. In   conc lus ion ,   s eve ra l  more d e d u c t i o n s   h a v i n g   t h e   a b i l i t y   t o  
possess a cosmogonical  value  are  being  examined. 

Following are some symbols  and  definitions  which are used i n   t h i s  
p aper : 

x, G - c o n s t a n t   g r a v i t a t i o n s ,  

p - dens i ty   o f  matter,  

V - volume of space, 

fl - g r a v i t a t i o n a l   p o t e n t i a l ,  

x s j  - space coordinates  , 
j ’  

t ,  T - time, 

d x = dx  dx  dx 3 
1 2 3 ’  

1x1 = (x; + x + x3) , 2 2 1 / 2  
2 

Example of summation r u l e :  

3 
x.x = 

~j 
j = l  
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I f   t he   coo rd ina te s  are w r i t t e n   w i t h o u t   a n   i n d e x ,   t h e n   t h e i r   e n t i r e  ‘ / 6 6  

complex i s  t aken   i n to   cons ide ra t ion .  For  example, 

$1. The Theory  of   General ized  Integrals  

The symbols 

are ob jec t s  of the  theory of gene ra l i zed   i n t eg ra l s .  The mathematical 
meaning  of  these  symbols is  e s t a b l i s h e d  by an axiom or a number of 
d e f i n i t i o n s .  The cont inuous   func t ions   in   the   subin tegra l   express ion  

which were de f ined   fo r  a l l  values  of v a r i a b l e s   i n   t h e   i n t e g r a t i o n  5 
C2, &, where - m t o  + are known as t h e   n u c l e i  of t h e   i n t e g r a l .  The 

func t ions  

1’ 

which  should  not   necessar i ly   be  cont inuous are c a l l e d   d e n s i t y   f u n c t i o n s .  
The v a r i a b l e s  

are known as the  arguments   of   the   integral .  
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The concep t   o f   t he   conve rg ing   i n t eg ra l   o r   o f   t he   i n t eg ra l   i n   t he  
usual  meaning i s  cons ide red   t o   be  known. The gene ra l i zed   i n t eg ra l s  
p re sen t  a class of  which a g r e a t  number of a l l  converg ing   in tegra ls  i s  
a subc la s s .  The gene ra l i zed   i n t eg ra l s  are of such a t y p e   t h a t   i n   t h e i r  
p resence ,   the   opera t ion  

does  not   yield a w e l l - d e f i n e d   r e s u l t .  With the   de te rmina t ion  of t he  
g e n e r a l i z e d   i n t e g r a l s ,   t h e   o p e r a t i o n  of t h e   t r a n s i t i o n   t o   t h e  l i m i t  
V --t i s  not   u t i l i zed ;   however ,  i t  serves as a method f o r   t h e   i s o l a t i o n  
of the  converging  integrals   f rom  the  general  class.  The genera l ized  
i n t e g r a l ,   i f  i t  does   no t   be long   to   the   subc lass  of converg ing   i n t eg ra l s ,  
i s  not   represented  as a number. I f  we w i s h   t o   u t i l i z e   t h e   g e n e r a l i z e d  
i n t e g r a l s   i n  a phys ica l   theory ,  i t  i s  n e c e s s a r y   t o   d e t e r m i n e   t o  which 
mathematical   funct ions  they are subord ina te  and a l so   de f ine   t he   concep t s  
o f   q u a l i t y ,   i d e n t i t y ,  e t c . ,  o f   t he   gene ra l i zed   i n t eg ra l s .  

The converg ing   in tegra l  is  f i r s t   o f  a l l  a d e f i n i t e  sum. This /67 
is  e x p r e s s e d   i n   t h e   f a c t   t h a t   t h e   l i n e a r   c o m b i n a t i o n  of two i n t e g r a l s  

al s p 1  

i s  an   in tegra l .   Regard less   o f   whether   the   in tegra l  w i l l  be  converging  or 
n o t ,  we s h a l l   r e q u i r e   i n  a l l  cases   t he   fu l f i l lmen t   o f   cond i t ion   (1 .4 ) ,   so  
tha t   t he   gene ra l i zed   i n t eg ra l s   have   t he   p rope r ty   o f  a sum. Along wi th  
t h e   f u l f i l l m e n t  of  (1.4) we s h a l l   a l s o   c o n s i d e r  as cor rec t   the   formula  
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which we cons ider   equiva len t   to   formula  (1.4) and 
the   poss ib i l i t y   o f   t r ans fe r r ing   t he   i n t eg ra l   f rom 
t o   a n o t h e r .  

which a l so   expres ses  
one p a r t  of i d e n t i t y  

I f   i n   f o r m u l a  (1.4) al = a = 1 , then   there  is  a n   a d d i t i o n ;   i f  

a = 1 , t hen   t he re  i s  a sub t r ac t ion ;  and i f  a # 0 , a2 = 0 , then 
2 

al = - 2 1 
the re  i s  a m u l t i p l i c a t i o n  by the   va lue  a The s u b t r a c t i o n   o p e r a t i o n  is  

def ined  by the  "minus" s i g n   i n   f o r m u l a  (1.5) . 1' 

The d i f f e r e n c e  of two d ive rg ing   i n t eg ra l s   can   p rove   t o  be a 
converg ing   in tegra l .   This  w i l l  always  occur when t h e   n u c l e i  and the  
dens i ty   func t ions   o f   bo th   i n t eg ra l s  are i d e n t i c a l .  As a r e s u l t  of sub- 
t r a c t i o n ,  we o b t a i n   a n   i n t e g r a l   w i t h  a subin tegra l   express ion ,   which  i s  
ident ica l   to   zero .   Such   an   in tegra l   converges  and i s  i d e n t i c a l   t o   z e r o .  
Herefrom, i t  becomes poss ib l e  t o  d e f i n e  two i n t e g r a l s  as i d e n t i c a l   i f  
t h e i r   n u c l e i  and  functions  of  density are i d e n t i c a l .  

However, such a d e f i n i t i o n   o f   i d e n t i t y  i s  no t   su f f i c i en t .   The re -  
f o r e ,  we assume t h a t  two i n t e g r a l s  are i d e n t i c a l   i f   t h e i r   d i f f e r e n c e  is  
a conve rg ing   i n t eg ra l   i den t i ca l   t o   ze ro .   S ince  a converg ing   in tegra l  
can   be   i den t i ca l   t o   ze ro   w i thou t   t he   sub in teg ra l   exp res s ion   be ing   i den t i ca l  
t o   z e r o ,   t h i s   d e f i n i t i o n  i s  more gene ra l   t han   t he   o r ig ina l   de f in i t i on .  

Two i n t eg ra l s   w i th   a rgumen t s   o f   conc re t e   va lues   a r e   equa l   i f   t he i r  
d i f f e r e n c e  i s  a conve rg ing   i n t eg ra l   equa l   t o   ze ro .  Two d i s s i m i l a r   i n t e -  
g r a l s   c a n  be e q u a l   i f   t h e   v a l u e s  of the  arguments are known. However, 
when e q u a l i t y  i s  observed a t  a l l  values  of  the  arguments,   then  the 
i n t e g r a l s  w i l l  be i d e n t i c a l .  

I f   t h e r e  are two i n t e g r a l s  J and J the   d i f f e rence  of 1 2 ,  /68 which i s  a converg ing   in tegra l   wi th  a va lue   g rea t e r   t han   ze ro   ( t ha t  i s ,  
a p o s i t i v e  number) , then 

J1 - J > 0 o r  J1 > J2, (1 - 6 )  
2 

i . e . ,  we d e f i n e  J t o   b e   g r e a t e r   t h a n  J2. I n  a similar way, we de f ine  1 

J2 - J1 < 0 o r  J < J1. 2 (1.7) 

It is  no t  
i n t e g r a l s  
i n t e g r a l s  

p o s s i b l e   t o   e s t a b l i s h   t h e   c o r r e l a t i o n s  (1.6) or  (1 .7)  f o r  a l l  
of   the   genera l  class. A g r e a t  number of   the  general ized 
can   no t   be   comple te ly   regula ted ,   bu t   on ly   par t ia l ly .  

I .. 
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A de termina t ion  of a l i nea r   combina t ion   w i th   i n t eg ra l s   i n   acco rd -  
ance to   fo rmula  (1.4) shows t h a t   t h e   g e n e r a l i z e d   i n t e g r a l s  are mathematical  
o b j e c t s  known i n   t h e   o p e r a t o r s   t h e o r y  as l i n e a l s .   S i n c e  a number of 
g e n e r a l i z e d   i n t e g r a l s   c a n   b e   p a r t i a l l y   r e g u l a t e d ,  i t  i s  p o s s i b l e   t o  
cons ider   the   a lgebra  of i n t e g r a l s  as an   a lgeb ra   o f   s emi - regu la t ed   l i nea r  
spaces. This   a lgebra  has   been well developed  in   mathematics .  

We w i l l  no t   conce rn   ou r se lves ,   i n   t h i s  p a p e r ,  with  the  development 
of a mathemat ica l   theory   o f   genera l ized   in tegra ls ,   a l though  th i s   theory  
i s  of some i n t e r e s t   t o  cosmology.  Only i n t e g r a l s  of a s p e c i f i c   t y p e  w i l l  
be considered,  and s p e c i f i c a l l y  

and also t h e   i n t e g r a l s  

and s t i l l  f u r t h e r ,   t h e   i n t e g r a l s  

(1. lo)  

i n  which   the   dens i ty   func t ion  a ( t )  i s  not  dependent upon the   var iab les   o f  
integration  but  might  depend  on a d e f i n i t e  parameter t .  

An example  of   the  a lgebraic   - funct ions  with  integrals   of   the   type 
(1.10) is  the   fo l lowing   va r i a t ion  

which  proves  to  be a 'converging  integral .  
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Since two i n t e g r a l s  are i d e n t i c a l   i f   t h e i r   d i f f e r e n c e  i s  a con- 
verg ing   in tegra l   equa l   to   zero ,   then  we o b t a i n  

(1.12) 

where 

a'x! + a"x" 
J j 

a '  + a" 
x =  
j ¶ 

whereby a '  and a" are cons tan ts  and a '  + a" # 0 .  

The usual  values  can  be  considered as converg ing   in tegra ls .  The 
following  formula exists: 

where a and b .  are numbers. 
J 

L e t  us assume t h a t   i n   t h e   i n t e g r a l  

(1.13) 

( .114) 
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the   dens i ty   func t ion   does   no t   sa t i s fy   the   boundary   condi t ions  and t h a t  
the  integral   does   not   converge.  However, ex is tence  of the   cons tan t  3 
is assumed to   have  a c h a r a c t e r i s t i c   s u c h   t h a t   t h e   i n t e g r a l  

converges  and  determines  definitely  the  function w (x ) .  With the  con- 
vergence o f  in tegra l   (1 .15)   the   fo l lowing   in tegra l   a l so   converges  

(1.16) 

where F (x) is  a def ini te   funct ion  of   the  argument  x . The e x i s   t e n c e m  

of  the  boundary 
j j 

(1.17) 

appears t o  be a su f f i c i en t   (bu t   no t   e s sen t i a l )   cond i t ion   fo r   t he   conve r -  
gence of t h e   i n t e g r a l s   ( 1 . 1 6 ) .  If the   dens i ty   func t ion  p(c) i s  a d e n s i t y  
func t ion  of matter i n   u n i v e r s a l  space, then i s  the  mean d e n s i t y  of 
matter i n   t h e   i n f i n i t e   u n i v e r s e .  

Ut i l iz ing   formula   (1 .13) ,  i t  i s  poss ib l e   t o   p rove   t ha t  

where F (x) i s  a def in i te   func t ion   which  i s  determined by formula  (1.16). 
j 

By means of formulae  (1.13) and (1.18) i t  i s  p o s s i b l e   t o  demon- 
s t ra te  the  accuracy of the   fo l lowing   cor re la t ions :  
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(1.19) 

(1.20) 

whereby the  existence  of  the  quantity p, which i s  determined by formula 
(1.17) i s  assumed. 

The boundary 
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w i l l  be   def ined as t h e   d e r i v a t i v e   o f   t h e   i n t e g r a l  

according  to  argument x and w i l l  be   designated by the  symbol 
j '  

/71 

On the   bas i s  of  formula (1.19) i t  i s  p o s s i b l e   t o  see tha t   such  a 

boundary e x i s t s  and t h a t  

be  summarized  by j )  . 
The de r iva t ives   fo r   t he  i n t e g r a l  

are determined  analogously . 
It follows  from  formula (1.20) t h a t :  

ax  .axk 4rr s * p ( x ) ,  
Ix - 51 3 j k  ' CV,) 

(1.22) 

(1.23) 

where 6 is the  Kronecker  symbol. From formula (1.23) i t  fo l lows   t ha t  
j k  

t h e   i n t e g r a l  



s a t i s f i e s   t h e   P o i s s o n   e q u a t i o n  

A R = - 471xp. 

L e t  us assume t h a t   i n   t h e   i n t e g r a l  

79 

(1.24) 

(1.26) 

the   dens i ty   func t ion   a ( t )   does   no t  depend upon the   var iab les   o f   the  
i n t e g r a t i o n  5 b u t   t h a t  i t  does  depend upon the parameter t .  L e t  us 

a l s o  assume that   the   arguments   of   integral  x ( t )   a l s o  depend upon /72 
t ,  so  t h a t   t h e   i n t e g r a l  J ( t )  i s  some s o r t   o f   f u n c t i o n  of t .  We de f ine  

j 

j 

j 

d J ;  J; ( t  + At) - J; ( t )  
" ' - l i m  J J 

d t  at-0 A t  

By using  the  preceding  formulae,  i t  i s  poss ib l e   t o   p rove   t he   va l id i ty  of 
the   fo l lowing   cor re la t ions :  

(1.27) 

The i n t e g r a l s  of type (1.10) w i l l  be  used in   t he   p re sen t   i nves -  
t i g a t i o n  a s  coord ina tes  of spa t ia l  po in t s .  We s h a l l   p r o v e   t h a t   t h i s  i s  
poss ib le .  
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Three  dimensional  space  is  a  three  dimensional  continuun  of  its 
points. The  reflection  of  this  continuum on the  continuum  of  real 
numbers  is  applied  for  the  sake  of  convenient  study of the  continuum  of 
the  points. A set  of  three x known  as  coordinates,is  compared  to  each 

point  if  the  numbers x which  correspond  to  infinitely  close  points 

differ  only  to an infinitesimal  degree. In the  case  of  a  given  space, 
it  is  possible  to  construct an infinitely  great  number of diverse  systems 
of  coordinates  which  are  mutually  bound  by  continuous  conversions.  The 
application of actual  numbers  of x in the  capacity  of  space  coordinates 

is not  necessary.  Any  multitude  of  mathematical  objects  for  which  the 
definition  of  an  infinitely  small  variation  has  been  determined,  is 
applicable  for  this  purpose.  The  variation of the  integrals 

j' 

j' 

j 

according  to  formula  (1.11)  is  a  convergent  integral and,  consequently, 
a  common  quantity: 

x - x ' . = x j  j 
- x ' .  

j J  
(1.30) 

We will  arrange  the  quantities  of  integrals X in the  following  manner: 
j 

(1.31) 

Furthermore,  let  us  assume  that  the  quantities x are  right  angle /73 
coordinates  of  points in Euclidean  space.  The  distance  of  the  points 
x and x' is 

j 

j j 

r = [(x, - xi)  + (x2 - x;)2 + (x3 - x;) I = ]x  - x' I .  (1.32) 2 2 1/2 

On the  basis  of  equation (1.30) we  will  have 



81 

r = Ix - x'I = [(x1 - X;) + (x2 - X;) + (x3 - X; I 2 2  2 112 
= ]X - X' I .  (1.33) 

and so  the  conformity 

( 1 . 3 4 )  

is a  mutually  simple  representation  of  the  quantities  x  for  the  large 
number  of  integrals X . According  to  formula ( 1 . 3 1 ) ,  the  arrangement  is 
preserved in the  representation,  and  the  knowledge  of  distance  r  is  in 
agreement  with  formulae  (1.32)  and (1.33). Therefore,  if  the  numbers 
x  are, in  essence,  right  angle  coordinates  of  Euclidean  space,  then  the 
generalized  integrals X will  also  be  coordinates  of  this  space. 

j 

j 

j 
j 

Let us  assume  that  x  and  y  are  right  angle  coordinates of  spatial 
j  j 

points in  actual  numbers  connected  with  the  conversion  formulae 

whereby 

that is, the  rotation  of  the  coordinate  axis  takes  place  without dis- 
placing  the  origin  of  the  coordinates.  Furthermore,  let us establish  the 
conformity 

xj - 5j Y -  
x F T X  = -  j 'j 3 

(V,) Ix  - 51 
(V,) 

j j 4n 3 d 5 , y j z Y  j 4rr d 5 .  (1.37) 

We obtain 
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x j  - 5 j  3 d c = x  + -  
j 4sr x = -  

j 4sr 
(V,) 

by ut i l iz ing  formulae  (1 .13)   and  (1 .35) .  On the   o ther   hand ,  i t  i s  
poss ib l e  t o  p rove   t he   va l id i ty  o f   t he   co r re l a t ion  

(1.38) 

(1.39) 

This  proof i s  b a s e d   o n   t h e   d e f i n i t i o n   t h a t   t h e   i n t e g r a l s  are i d e n t i c a l  
i f   t h e i r   d i f f e r e n c e  is  a c o n v e r g e n t   i n t e g r a l   i d e n t i c a l   t o   z e r o .   T a k i n g  
in to   cons idera t ion   formulae   (1 .37)  and (1 .38) ,  w e   w i l l  rewri te   formula 
(1.39) as follows: 

x = a .  Y + (a  - 6jk) 
j ~k k j k  

(1 .40)  

The la t ter  appears t o  be a fo rmula   fo r   t he   r eo r i en ta t ion  of coord ina tes  
in   gene ra l i zed   i n t eg ra l s ,   wh ich   co r re sponds   t o   t he   ro t a t ion  of the  
coordinate  axis.  The reor ien ta t ion   formulae ,   which   a re   oppos i te  t o  
formulae (1 .40) ,  are the  fol lowing:  

(1.41) 
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The r e o r i e n t a t i o n   o f   t h e   x .   c o o r d i n a t e s ,  which  correspond  to  the 
s h i f t  of t he i r   o r ig in   w i thou t   ro td t ing   t he   coord ina te   axes ,   i n   acco rdance  
with  formulae 

(1.42) 

cor respond  in   the   sys tem  of   coord ina tes   (expressed   in   genera l ized   in te -  
g r a l s )   t o   t h e   r e o r i e n t a t i o n s  

(1.43) 

We s h a l l   n o t   d i s c u s s   i n   d e t a i l   t h e  problem  of r e o r i e n t a t i o n  of 
the  system  of  coordinates X which are expres sed   i n   gene ra l i zed   i n t e -  

g r a l s .  We w i l l  only  mention  that   formulae  (1.40)  and  (1.41)  can  be 
r a t h e r   e a s i l y   g e n . e r a l i z e d   i n   t h e   c a s e  of a convers ion   of   the   r igh t   angles  
in to   ob l ique   ang le s .  It should   a l so   be   ment ioned   tha t   the   mutua l ly  
defined  conformity  (1.34)  does  not a p p e a r  t o  be  an  isomorphism,  since 
the   l inear   combina t ion   of   the   in tegra ls  X (on ly   the   d i f fe rence  X - X '  

co r re sponds   t o   t he   d i f f e rence  x - x:) does  not   correspond  to   the  l inear  

combination of the  numbers x . The absence  of  isomorphism i s  a l s o  

j 

j j j  

j J  

j 
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expressed by t h e   f a c t   t h a t   t h e   r e o r i e n t a t i o n  of coord ina te s  x expressed 

i n  common va lues   in   accordance   wi th   formula  (1.35) does  not  correspond 
to   t he   conve r s ion  

j 

x = a  Y j j k  k y  

/75 
which  should  have  been  anticipated  if   isomorphism  had  been  observed. An 
addi t ional   term i s  contained  in   (1 .40)  

the  presence  of  which i s  s t i p u l a t e d  by the  absence  of  the  above  mentioned 
isomorphism. 

L e t  us assume tha t   t he   a s s igned   i nva r i an t   func t ion  Q of   the 
coord ina tes  x i s  

j 

cp = i ( x ) .  (1.44) 

I f  we shou ld   subs t i t u t e   t he   coo rd ina te  x wi th  i t s  value: 
j 

then we o b t a i n  

@ = cp (x) = cp (X - x ).  0 ( .146) 

Thus, we have  def ined  the  funct ion Q (X) the  arguments of which 
are the   coord ina tes  X of   the spat ia l  po in t s ,   exp res sed   i n   gene ra l i zed  

i n t e g r a l s .  The expres s ion   fo r   t he   d i s t ance   o f  two p o i n t s   i n   E u c l i d e a n  
space can serve as a n  example: 

j 

r = \ x  - x l [  = ] X  - X * \ .  
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Another  example is  t h e   d e n s i t y   f u n c t i o n  of matter i n   u n i v e r s a l  space 

which we consider  as a n   i n v a r i a n t   f u n c t i o n   i n   r e l a t i o n   t o   t h e   r e o r i e n -  
t a t i o n  of spat ia l  coord ina te s ,  as w e l l  as a n   i n v a r i a n t   i n   r e l a t i o n   t o  
the   d i sp lacement   o f   the   o r ig in   o f   the   coord ina tes .   In   accordance   wi th  
formula  (1.46) we obtain:  

We w i l l  a lways  consider   the  invariant   funct ion  of   the  coordinates  
of spa t ia l  po in t ,  as be ing   expressed   in   ac tua l   va lues ,   regard less   o f  
whether   the  coordinates  are g i v e n   i n   a c t u a l   v a l u e s   o r   i n   g e n e r a l i z e d  
i n t e g r a l s .  

$2 .  The Poisson  Equation and the  Equations of Motion  of a /76 
T e s t  Par t ic le  in   t he   F i e ld   o f   Un ive r sa l   Grav i t a t ion  

Newton's  theory  of  gravity i s  based  primarily  on two groups  of 
equat ions .  The f i r s t  group  can  be  found  from  the  distribution  of 
g r a v i t a t i n g  masses of a f i e l d  and i s  known as f i e l d   e q u a t i o n s .   I n  a non- 
r e l a t iv i s t i c   app rox ima t ion ,   such  an  equation i s  the   Po i s son   equa t ion   i n  
which   the   f ie ld  is  def ined  by t h e   p o t e n t i a l  R .  The second  group of 
equations  determines  the  motion of the   po in t  masses i n   t h e   g i v e n   f i e l d  
and i s  known as the  equations  of  motion. 

In   accordance  with  the  above  s ta tement ,   the   theory of un ive r sa l  
g rav i t a t ion ,   wh ich   t akes   i n to   cons ide ra t ion   t he   p re sence   o f  masses i n  
t h e   e n t i r e ,   i n f i n i t e   u n i v e r s e ,  must a l s o  be  broken down i n t o   d i v i s i o n s  
c o n t a i n i n g   f i e l d   e q u a t i o n s  and the  equations  of  motion of a po in t  mass 
i n   t h e   f i e l d   o f   u n i v e r s a l   g r a v i t a t i - o n .  

The Poisson   equat ion  expresses the  l a w  of g r a v i t y   i n   a n  
i n f i n i t e s i m a l  volume of space and  combines the   de r iva t ives  of  the 
p o t e n t i a l  R acco rd ing   t o   t he   coo rd ina te s   o f   t he  spat ia l  po in t s   w i th   t he  
dens i ty   o f  matter wi th in   tha t   c i rcumference .  The presence of f o r e i g n  
g r a v i t a t i n g  masses o u t s i d e  of the  small space which i s  being  examined 
does   no t   en t e r   i n to   t he   Po i s son   equa t ion .  The g rad ien t   o f   t he   po ten t i a l  
is  a measurable   magni tude   ( the   force   o f   g rav i ty  p e r  un i t   o f  mass), and 
i t  i s  t h e r e f o r e   p o s s i b l e   t o   v e r i f y   e x p e r i m e n t a l l y   t h e  l a w  o f   g rav i ty ,  
o r   t he   Po i s son   equa t ion .   In  a v e r i f i c a t i o n  i t  s u f f i c e s   t o   h a v e   t h e   d a t a  



wi th   t he  masses c r e a t i n g   t h e   f i e l d  and having a d e n s i t y  p (5) . These 
masses are found i n  a d e f i n i t e   f i n i t e  volume V of space. The presence 
of masses no t   i nc luded   i n  volume V i s  no t   t aken   i n to   cons ide ra t ion .  
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on the  matter d i s t r i b u t i o n   i n  a volume of space which i s  being  inves-  
t i g a t e d  and i t  i s  not   expedient   to   cons ider   the   p resence   o f  matter out -  
s i d e  of t h i s  space. We consider   that   an  experimental   check  confirms 
fu l ly   t he   accu racy  of t he   Po i s son   equa t ion ,   i f   on ly   t he   d i scuss ion  
p e r t a i n s   t o  a non-re la t iv i s t ic   approximat ion .  

The d i f f i c u l t i e s   r e l a t e d   t o   t h e  l a w  o f   g rav i ty   occu r   du r ing   t he  
i n t e g r a t i o n  o f   t he   Po i s son   equa t ion   fo r   an   i n f in i t e  volume.  Should we 
w i s h   t o   o b t a i n   t h e   p o t e n t i a l  Q i n   t h e  form  of a d e f i n i t e   f u n c t i o n   o f  
coord ina te s ,  and r ep resen t  R i n   a c t u a l  numbers, w e  s h a l l  be  confronted 
by a g rav i t a t iona l   pa radox .  

In   the  preceding  paragraph  of   this  p a p e r  i t  w a s  shown tha t   th rough 
a g e n e r a l i z a t i o n  of  the  concept  of  the  integral ,  i t  is  p o s s i b l e   t o   s o l v e  
the  Poisson  equat ion  without   es tabl ishing  the  boundary  condi t ions by 
means of  t h e   i n t e g r a l  

which  does  not  converge  but  has a def in i te   mathemat ica l   va lue .  O f  course ,  
0 accord ing   to   formula  (2.1) i s  not  a common f u n c t i o n   i n   a c t u a l  numbers. 
However, i f  we succeed   in   p roving   tha t  i t  i s  poss ib l e  by  means of a 
g e n e r a l i z e d   i n t e g r a l  a,  to   solve  the  problem  of   the  motion of a poin t  
mass i n   t h e   f i e l d   o f   u n i v e r s a l   g r a v i t a t i o n  and t o   c a l c u l a t e   t h e  par t ic le ' s  
t r a j e c t o r y ,  we s h a l l  have   t he   en t i r e   founda t ion   fo r   cons ide r ing   t he  
func t ion  0 which is  determined  by  formula (2.1), which   fu l ly  merits the 
t i t l e  o f   p o t e n t i a l .  /77 

The motion  of a t es t  p a r t i c l e ,  i . e . ,  o f   an   i n f in i t e s ima l   po in t  
mass i n   t h e   f i e l d  of g rav i ty   acco rd ing   t o  Newton's theory , i s   descr ibed  
by the   equat ion  

I n   t h e  real condi t ions  of   equat ion (2.2) the  exact  motion  of  the 
par t ic le  is  no t   desc r ibed   s ince   t he   fo re ign  masses are d is regarded .  It 
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i s  poss ib l e   t o   d i spose  of the   e r ror   which  we o b t a i n   h e r e  by augmenting 
the  volume  of t h e   i n t e g r a t i o n  V s o   t h a t  i t  w i l l  encompass the   p rev ious ly  
excluded masses. F i n a l l y , t h i s   l e a d s   t o  a limitless inc rease  of the  
volume V. We ob ta in   t he   equa t ion  

d x  2 

d t 2  V+a= 

6.j j 3 

IC - X I  m I s  - X I  

- x  
'j j 3 

- x  
" j - l i m  {x J p ( 5 )  d 6 )  ='x J p ( 5 )  3 d 5. (2.3) 

(VI 

But t h e   o b j e c t i v e  is  s t i l l  not   accomplished  s ince  the  r ight  hand 
terms of equat ion  (2 .3)   diverge.  The en t ry   (2 .1)  becomes a paradox 
s i n c e   t h e   d i v e r g e n t   r i g h t  term i s  un i t ed   w i th   t he   conve rgen t   l e f t  term 
by the   equal   s ign .  

Returning t o  an  examination  of  the  equations  (2.2) we n o t e   t h a t  
t h e i r   r i g h t  terms are g rad ien t s   o f   t he   po ten t i a l  

where t h e   i n t e g r a l  i s  ob ta ined   i n   acco rdance   w i th   t he   f i n i t e  volume V. The 
r i g h t  terms of equat ion  (2 .3)  as boundaries  where V approaches   i n f in i ty  
have  no  meaning s ince   such  a boundary  does  not  exist .  However, they  have 
a mathematical  meaning i f   t h e   e x i s t e n t   i n t e g r a l s  are considered as 
i n t e g r a l s   w i t h   a n   a c t u a l l y  
terms of   the   equat ions  

i n f i n i t e  volume o f   i n t e g r a t i o n  V,. The r i g h t  

x 

are ,  then ,   g rad ien ts  of t h e   p o t e n t i a l  

whereby t h e   p o t e n t i a l  R s a t i s f i e s   t h e   P o i s s o n   e q u a t i o n   a c c o r d i n g   t o   t h e  
r e s u l t s  of the  preceding  paragraph.  
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The s u b s t i t u t 2 o n  of t h e   r i g h t  terms of   equa t ion   (2 .3)  by i n t e g r a l s  
( 2 . 5 )   a l s o   r e q u i r e s   c e r t a i n   s u b s t i t u t i o n s  of t h e i r   l e f t  terms. Indeed, 
in tegra ls   (2 .5)  are n o t   e x p r e s s e d   i n  numbers.  Hence,  the l e f t  terms of 
the   equat ions   should   a l so   be   genera l ized   in tegra ls   and   no t  common 
f unc t ions 

of   the   var iab le  t .  

In   the   p receding   paragraph ,  i t  w a s  p roved   tha t   the   coord ina tes  of 
t he  spa t ia l  poin ts   can  be e x p r e s s e d   i n   g e n e r a l i z e d   i n t e g r a l s   o f   a n  
appropr i a t e   t ype .  With t h i s   p o s s i b i l i t y ,  we assume tha t   t he   coo rd ina te s  
of  the test  par t ic le  have  the  form 

where t h e   d e n s i t y   f u n c t i o n  a (t) i s  independent of t h e   v a r i a b l e s  of i n t e -  
g r a t i o n  5 but  i s  dependent  on t i m e  t .  The arguments of t h e   i n t e g r a l  

x ( t ) ,  which are the   coord ina tes  of  the tes t  par t ic les  i n   a c t u a l  numbers, 

are also  dependent   on t s o  t h a t   i n   t h e   g e n e r a l   c a l c u l a t i o n  

j 

j 

The dependence  of 5 on t expresses  the  motion of t h e   p a r t i c l e .  
j 

On t h e   b a s i s  of   the  s ta ted  assumptions,   the   equat ion  of   motion of the 
t e s t  par t ic le  should   be   wr i t ten  as follows 

and the  equat ions are f r e e  from con t rad ic t ion .  
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If   equat ion  (2 .7)   together   with  equat ion  (2 .8)  are a c t u a l l y   t h e  
equations  of  motion of  the  tes t  par t ic le ,  they m u s t  have s o l u t i o n s  
descr ib ing   the   ac tua l   mot ion   of   the  par t ic le .  We w i l l  p r o v e   t h a t   t h i s  
i s  so .  

Uti l iz ing  formula  (1 .28)  we combine equations  (2.7)  and  (2.8)  into 
one  equation 

We u t i l i ze   t he reby   t he   ru l e s   o f   ma themat i ca l   ope ra t ions   w i th  /79 
g e n e r a l i z e d   i n t e g r a l s .   I n   t h e s e   e q u a t i o n s   t h e   l e f t  terms are common 
funct ions  of  time t and,   consequent ly ,   the   r ight  terms should  converge. 
We w i l l  assume t h a t  a mean d e n s i t y  p of matter e x i s t s   i n   i n f i n i t e   s p a c e  
in   the   sense   o f   formula  ( 1 . 1 7 ) .  Then t h e   i n t e g r a l  

converges  and  belongs  to  the  convergent  integrals  subclass  of  the 
gene ra l   c l a s s   o f   i n t eg ra l s .  By s e l e c t i n g   i n   t h e   s u b i n t e g r a l   e x p r e s s i o n  
of t h e   r i g h t  t e r m  

we o b t a i n  

t h e   r i g h t  and l e f t  terms of which are f u n c t i o n s   i n   a c t u a l  numbers. 

A g e n e r a l   s o l u t i o n   t o   e q u a t i o n  (2.10) is 

a (t) = A +  B t  - - A  t , 1 2 2  
2 

(2.10) 

(2.11) 

(2.12) 
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where A and B are cons t an t s   o f   i n t eg ra t ion  

The coord ina tes  5 of  the test p a r t i c l e   i n  

accord ing   to   formula  ( 2 . 6 ) ,  i n   t h e  form of 
j 

and 

(2.13) 

mot ion  are obtained 

gene ra l i zed   i n t eg ra l s  

(2 .14)  

whereby x (t) are the   so lu t ions   t o   equa t ions   (2 .11 )   wh ich ,   a f t e r   sub -  

s t i t u t i o n   i n   p l a c e  of a ( t )   o f  i t s  va lue   accord ing   to   formula  (2.12)  , 
adopt  the  following  form 

j 

(2.15) 

We w i l l  ment ion  that  x ( t )  are a l s o   c o o r d i n a t e s  of  the 

par t ic le  in   mot ion;   however ,   cont ra ry   to   the   coord ina tes  5 ( t )   t h e s e  

are expres sed   i n   ac tua l  numbers. 

j /80 
j 

And s o  we have  proved  that   equation (2 .7 )  t oge the r   w i th   equa t ion  
(2.8) have   so lu t ions ,  whereby  the  problem  of t h e i r   s o l u t i o n  i s  reduced 
t o   t h e   s o l v i n g  of t he  common d i f f e r e n t i a l   e q u a t i o n  (2.15) .  The gener- 
a l i z e d   i n t e g r a l s   o f   t h e  form i n  (2.14) are i n t e r p r e t e d  as coordinates   of  
the t es t  p a r t i c l e   i n   m o t i o n .  The func t ion  of time 

is  con ta ined   i n   t he   sub in teg ra l   exp res s ion  of t h e   i n t e g r a l  (2.14) , which 
is t h e   s o l u t i o n   t o   e q u a t i o n  (2.15) ,  which are a l so   t he   coord ina te s   o f  
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t he   pa r t i c l e s   i n   mo t ion ,   bu t   exp res sed   he re  by common numbers. F i n a l l y ,  
we have two systems of coordinates ,   the   sustems 5 and x i n  which 

motion i s  considered.  The r e l a t i o n  between them i s  expressed by formula 
(2.14).  

j j' 

L e t  us assume t h a t   x '  (t) and x!' ( t )  are two p a r t i c u l a r   s o l u t i o n s  

to   the   equat ion   (2 .15)   cor responding   to   the  two concre te  test  p a r t i c l e s .  
According  to   formula  (1 .33) ,   the   dis tance R be tween  these   par t ic les  i s  
expressed   in   the   fo l lowing  way: 

j J 

= ( A +  B t  - 211 t )  r, 1 2 2  (2.16) 

where 

From formula  (2.16) i t  fo l lows   tha t   the   sys tems  of   coord ina tes  5 and x 

correspond  to   the   var ious  scales of  the  distance  measurements,  whereby 
t h e   c o r r e l a t i o n  of  the scales changes  with time t .  We can   s tandard ize  
the   so lu t ions   to   the   equat ion   (2 .10)  s o  t h a t   t h e   d i s t a n c e   s c a l e s   c o i n c i d e  
when the  t ime t = 0 .  

j j 

I n   o r d e r   t o   d o   t h i s ,  i t  i s  necessa ry   t o   cons ide r   t ha t  

A = 1, 

then   t he   s t anda rd ized   so lu t ion   t o   equa t ion   (2 .10 )  w i l l  be 

a ( t ) = l + B t - - A t ,  1 2 2  
2 (2.17) 

i n  which  the  constant  B remains  undetermined. As f a r  as the   cons t an t  A 
is  concerned i t  i s  combined,  according  to  formula  (2.13)'  with  the mean 
d e n s i t y  of matter i n   t h e   i n f i n i t e   u n i v e r s e  and can  be  considered as a 
c e r t a i n   u n i v e r s a l   c o n s t a n t .  We s h a l l  assume t h a t  B i n  formula  (2.17) 
i s  a un ive r sa l   cons t an t  whose  magnitude we can   ob ta in  by appropr i a t e  /81 
measurements. 

2 
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Equat ion   (2 .7)   o r   the i r   equiva len t   equa t ions   o f   mot ion   (2 .15)  
have  the  accuracy  of a non- re l a t iv i s t i c   app rox ima t ion .  The a p p l i c a t i o n  
o f   n o n - r e l a t i v i s t i c   c o r r e l a t i o n s   i n  cosmology i s  j u s t i f i e d   i f   t h e   u n i v e r s e  
i s  i n  a q u a s i - s t a t i o n a r y  s ta te  o r   i f   t h e  matter d e n s i t y  p changes 
wi th  time so  s l i g h t l y   t h a t   t h e  dependence  of  the  integral  

(2.18) 

on time t i s  no t   a f f ec t ed  by the  change  of  density p i n   t h e   s u b i n t e g r a l  
e x p r e s s i o n .   I f   t h i s  i s  s o ,  then   for   the   computa t ion   of   the   in tegra l  
(2.18) i t  s u f f i c e s   t o  have  the  data   concerning  the matter d i s t r i b u t i o n  
i n  a c e r t a i n   l a r g e  volume V, s i n c e  from  the  convergence of t h e   i n t e g r a l  
(2.18) i t  fo l lows   t ha t  

Hereby, i t  i s  assumed t h a t   t h e   i n v e s t i g a t e d  tes t  pa r t i c l e  wi th   t he  
coord ina tes  x (t) is  loca ted   w i th in  volume V' s i t u a t e d   i n   t h e   c e n t e r  

of  volume V and t h a t  
j 

v' < v. (2.20) 

Thus, i n   o r d e r   t o  compute the  motion  of   the tes t  p a r t i c l e ,   t h e  
data   concerning  the matter d i s t r i b u t i o n   i n   t h e   f i n i t e   u n i v e r s e  as a whole 
are n o t   e s s e n t i a l .  It su f f i ces   t o   have   conc re t e   va lues   o f   t he   dens i ty  
func t ion  p ( 5 )  i n  a l a r g e   b u t   f i n i t e  volume V. However, the  motion  of 
t h e   p a r t i c l e s   c a n   b e   c a l c u l a t e d   i f   t h e y  are loca ted   w i th in  volume V ' ,  
which i n   t u r n  i s  l o c a t e d   i n   t h e   c e n t r a l  p a r t  of  volume V ,  whereby V' 
should  be much less than V .  The app l i cab i l i t y   o f   t he   equa t ions  of motion 
(2.15) i n  t i m e  i s  a l s o   l i m i t e d   i n   t h e  last  case .  The s o l u t i o n s   t o  
equation  (2.15) are of   an   ob jec t ive   va lue   on ly   for   the  time i n t e r v a l   i n  
which  the t e s t  p a r t i c l e   l e a v e s   t h e  volume V ' .  

The f a c t   t h a t   t h e   e q u a t i o n s  of  motion  of  the tes t  p a r t i c l e  
descr ibed   wi th   suf f ic ien t   accuracy   the   mot ions   wi th in   the  time i n t e r v a l  
- t  and +to and w i t h i n  volume V' on ly ,   does   no t   cons t i t u t e  a de f i c i ency  

o f   t he   t heo ry .   In   pa r t i cu la r  i t  i s  n o t   s o l e l y   c h a r a c t e r i s t i c   f o r  a non- 
r e l a t i v i s t i c   a p p r o x i m a t i o n .   A c t u a l l y ,   i f  a theo ry   t ha t   desc r ibed  

0 
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the  motion and the   cond i t ions  of matter i n   t h e  t i m e  in te rva l   f rom - t o  
+ and  throughout  the  universe,  would  have  been  available,   such a theory 
would  have  solved  problems  which  cannot  be  solved by experiments   or  
observations.   Such a theory  cannot  be  an  acknowledged  physical   theory.  
The inaccuracy of the   equat ions  of motion  (2.15) of a tes t  par t ic le  /82 
in   the   descr ibed   sense ,   cons t i tu tes   the   p r inc ipa l   inaccuracy ,   which  i s  
inhe ren t  to reasonable  cosmology  that   acknowledges  the  infinity  of  the 
universe .  

$3. Another   Presenta t ion  of the  Equations of Motion of a 
Test P a r t i c l e   i n  a F ie ld   o f   Universa l   Gravi ta t ion  

It was proved i n   t h e   p r e c e d i n g   s e c t i o n   t h a t   t h e   e q u a t i o n s  of 
motion of a test  par t ic le  c o n s i s t  of t h e   d i f f e r e n t i a l   e q u a t i o n   ( 2 . 7 )  and 
the  equation  (2.9),   which  combines  the  coordinates x of  the test p a r -  

t i c l e   i n   a c t u a l  numbers,   with  the  coordinates 5 i n   g e n e r a l i z e d   i n t e g r a l s .  

The exc lus ion  of 5 f rom  equat ions   (2 .8)   l eads   to   equa t ion   (2 .15)   in  

which a l l  the   coord ina tes  are r e p r e s e n t e d   i n   a c t u a l  numbers.  However, 
i t  i s  of i n t e re s t   t o   f i nd   equa t ions   o f   mo t ion   i n   wh ich   t he   coord ina te s  
are r ep resen ted   i n   gene ra l i zed   i n t eg ra l s   on ly .   Equa t ions  of such a type 
w i l l  be  more  symmetrical  than  equation (2.15) and,   obviously,   a lso more 
c o n s i s t e n t  from the  viewpoint  of the  concepts  which were developed   in  
t h i s  p a p e r .  

j 

j 

j 

The formulae  of  the  reorientation  which  combines  the  system  of 
coord ina tes  5 i n   gene ra l i zed   i n t eg ra l s ,   w i th   t he   sys t em of coord ina tes  

x i n  common numbers, are def ined  in   accordance  with  formula  (2 .8)  as 

follows: 

j 

j 

and in   accordance  with  (2 .7)   the  equat ions  of   motion are as fol lows 

i 
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The coord ina te  of t h e  spa t ia l  po in t  of i n t e g r a t i o n  i s  t h e   v a r i a b l e  
of t h e   i n t e g r a t i o n   x '  of t h e   r i g h t  term of equat ion   (3 .2) .  We s h a l l  
determine: j 

d35. (3.3) 

Evident ly ,  X i s  the   coord ina te  of the spa t i a l  po in t  of i n t e g r a t i o n  of 

t he   i n t eg ra l   (3 .2 )   i n   gene ra l i zed   i n t eg ra l s ,   and   equa t ion   (3 .3 )  combines 
wi th  x! wi th  X . Since 

j 

J j /83 

then   the   express ion  

has   the   va lue  of an  ordinary number: 

Furthermore,  by determining 
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i t  i s  p o s s i b l e   t o  write 

d x' = - d  X, 3 1 3  
3 a 

then   d%is   a l so   expres sed  by a n   a c t u a l  number. The dens i ty   func t ion  
p ( x ' )   i n .   t h e   r i g h t  p a r t  of equation  (3.2) i s  t h e   i n v a r i a n t   ( i n  a non- 
re la t iv i s t ic   approximat ion) .   Accord ing   to   the   formula  

we consider   the matter d e n s i t y  as a func t ion   of   coord ina tes  X of   the 

i n t e g r a t i o n  space, whereby the   coord ina tes  X are determined by formula 

(3 .3 ) .   F ina l ly ,  we f i n d   t h a t   t h e  symbol 

j 

j 

i s  i n   e s s e n c e  a g e n e r a l i z e d   i n t e g r a l ,   s i n c e   t h e   s u b i n t e g r a l   e x p r e s s i o n  
i s  r e p r e s e n t e d   i n   a c t u a l  numbers. U t i l i z i n g   t h i s   c i r c u m s t a n c e ,  we write 
the   equat ion  of motion of the  t es t  p a r t i c l e   i n  a f i e l d  of  universal  /8/+ 
g r a v i t a t i o n   i n   t h e   f o l l o w i n g  way: 

where a l l  the   coord ina tes   a re   p resented  by the   gene ra l i zed   i n t eg ra l s  X 

and 5 We w i l l  cons ider   equa t ion  ( 3 . 5 )  as a gene ra l i za t ion   o f   t he  

equat ion  

j 

j' 

d2x x! - x j  3 3 - =  x J P -- 3 d x ' ,  
d t 2  

(VI 
( x '  - XI 

which descr ibe  the  motion of a tes t  par t ic le  i n   t h e   f i e l d  of a f i n i t e  
sys tem  of   g rav i ta t ing  masses, which are i n c l u d e d   i n   t h e   f i n i t e  volume V 
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of space .   In   equa t ion   (3 .5)   the  time v a r i a b l e  is  designated  by  the 
letter T .  The s u b s t i t u t i o n  of t by T meanwhile i s  only  a formal  change 
of des igna t ion .  However, as we w i l l  s e e   l a t e r   o n ,  t and T have a 
d is t inc t   phys ica l   meaning .  

We shal l   prove  that   the   equat ion  (3 .5)   have  the  fol lowing  solut ions 

where x ( t )  as a common func t ion  of   the   var iab le  t s a t i s f i e s   t h e  

equat ion 
j 

The time v a r i a n t  T i s  a c e r t a i n   f u n c t i o n   o f   v a r i a b l e  t: 

7 = T ( t )  

and t h e   d e n s i t y   f u n c t i o n  a( t )  i n   ( 3 . 6 )   s a t i s f i e s   t h e   e q u a t i o n  

It is  a l s o  assumed t h a t   t h e   i n t e g r a l s  of  t he   r i gh t   t e rms  of equat ion 
(3.7) converge  or   that   the   average  densi ty   of  matter e x i s t s   i n   t h e  
i n f i n i t e   u n i v e r s e   a c c o r d i n g   t o   t h e   d e f i n i t i o n   i n  (1.17). 

Proceeding  with  the  proof of t h i s   a s s e r t i o n ,  we d i f f e r e n t i a t e   t h e  
c o r r e l a t i o n s  (3.6) twice by t h e   v a r i a b l e  t: 

b l  
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Herefrom, a f t e r   s imp le   conve r s ions  we o b t a i n  

2 

d t 2   d t 2  

d x  2 
5 j  2 da  d36 + a 

(3.10) 

Inasmuch as x (t) s a t i s f i e s   t h e   e q u a t i o n   ( 3 . 7 ) ,   t h e n  by s u b s t i t u t i o n  
j 

d x j  2 

d t 2  

i n   t h e   e q u a t i o n   ( 3 . 1 0 )   w i t h   t h e i r  
f i n d ,   a f t e r  s i m p l e  c a l c u l a t i o n s  

values  from  the  equation  (3.7) we 

2 

d t 2  

'j 2 da d5j  
G j  - x j  

07,) 15 - X I  

""" 

a d t   d t  - G J' ap ( 5 )  3 5 +  

We sha l l   choose   t he   func t ion  a (t) t o  s a t i s f y   t h e   e q u a t i o n s  

A2 4nG - - 3 P .  

Then i n  place of  (3.11) we o b t a i n  

2 

d t 2  

5 j  2 da d5j 
a d t   d t  

XI - x 
j 

""" - G J ap  (XI) j d3x ' ,  
1x1 - XI 3 

(3.12) 

(3.13) 

(3.14) 
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where   the   var iab le  of t h e   i n t e g r a t i o n  5 i n   t h e   r i g h t  parts of equat ion  

( 3 . 1 4 )  i s  s u b s t i t u t e d  by t h e   v a r i a b l e  x' ( t h i s  i s  only  a formal   subs t i -  

t u t ion ) .   In   t he   sub in teg ra l   exp res s ions  of t h e   r i g h t  terms of equat ion  
( 3 . 1 4 ) ,  t he   va r i ab le s  x and x' are the   coord ina tes  of t he  spa t ia l  po in t s  

i n   a c t u a l  numbers.  Applying  the  conversions (3.1) and (3.3) we can 
write 

j 

j 

j j 

s o  that  equation  (3.14)  adapts  the  form 

2 

d t 2  

'j 2 da d5j  
a d t   d t  

x j  - 
""" - G J P (X) 

(V,) 

/86 

(3.15) 

In   o rde r   t o   ob ta in   t he   equa t ion   (3 .15 )  from  the l a t t e r ,  we i n t r o d u c e   i n  
p lace  o f  the  time v a r i a b l e  t ,  a new v a r i a b l e  

which s a t i s f i e s   t h e   e q u a t i o n  

d T 2 da d-r 2 

2 a d t   d t  d t  
""" - 0 ,  

where a ( t )  i s  t h e   s o l u t i o n   t o   e q u a t i o n  (3 .12) .  Then  from equat ion  
(3.15) we o b t a i n  

(3.17) 

(3.18) 

where 

(3.19) 
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F i n a l l y ,  we a r r i v e  a t  t h e   f a c t   t h a t ,   f o r   t h e   m o t i o n   o f   t h e  test 
p a r t i c l e ,   t h e r e  are two types of equat ions - equations  (3.18)  and  (3.17). 
In   Equat ion  (3.18) the   coord ina tes   o f   the  tes t  par t ic le  and the  space 
coord ina te s   o f   t he   i n t eg ra t ion  are expressed by gene ra l i zed   i n t eg ra l s .  
In   equat ion   (3 .7)   the   very  same coordinates  are represented  by a c t u a l  
numbers. I n   a d d i t i o n ,   t h e r e  are two d i s t i n c t   v a r i a b l e s   o f  t i m e ,  t and 
T ,  whereby t i s  inc luded   in   equa t ion   (3 .7)  and 7 in   equa t ion   (3 .18)  . 
The space-time continuum,  on  the  basis  of  which  the  motion of the  
t es t  particles was s t u d i e d ,  is  r e p r e s e n t e d   i n   t h e   f i r s t   c a s e  by a system 
of   coordinates  

and i n   t h e  second  case, by the  fol lowing  system  of   coordinates  

whereby the  space coord ina tes  5 and x are combined  by t h e   c o r r e l a t i o n  

(3.6) and the  t i m e  v a r i a b l e s  r and t are combined  by t h e   c o r r e l a t i o n  
(3.16).  

j j 

In   t he   p reced ing   s ec t ion  of t h i s  p a p e r ,  the  equations  of  motion  of 
the  t e s t  p a r t i c l e  were w r i t t e n  

d Ij 2 x! - x 
d r  1x1 - X I  

- =  x J p (XI) 
.I 

2 j d3x‘ , 
3 (3.22) 

<Val 

whereby 

and the   func t ion  a (7) s a t i s f i e s   t h e   e q u a t i o n s *  

/87 

(3.23) 

(3.24) 

* 
See  equations  (2.7),   (2.8) , and (2.10).  We s u b s t i t u t e   f o r   t h e  

v a r i a b l e  t i n   t h e s e   e q u a t i o n s   t h e   v a r i a b l e  r, inasmuch as the   va r i ab le  
t i n   S e c t i o n  2 co inc ides   w i th   t he   va r i ab le  T i n   S e c t i o n   3 .  
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On the   o ther   hand ,   f rom  th i s   sec t ion  we see t h a t   t h e   f u n c t i o n  a (7) must 
s a t i s f y   e q u a t i o n  ( 3 . 1 2 ) .  

A f t e r   t h e   s u b s t i t u t i o n   o f   t h e   v a r i a b l e  t by t h e   v a r i a b l e  T, 

equat ion  (3 .12)  acquires   the  form 

A c t u a l l y ,   t h e   f i r s t   i n t e g r a l   o f   t h e   d i f f e r e n t i a l   e q u a t i o n  (3 .17)  i s  

2 
" 

d t  d T - C a ,  

( 3 . 2 5 )  

(3 .26)  

where C i s  the   cons t an t   o f   i n t eg ra t ion ,   t he   conc re t e   va lue  of  which i s  
determined  by  the  requirement 

("> d t  t=r=O = 1 ,  

S O  t h a t  

c = ( + )  . 
a t=T=0 

(3 .27)  

(3 .28)  

For  an  explanat ion of the   phys ica l  meaning  of equat ion  (3 .27 )  w e  assume 
the   ex is tence   o f  two types of clocks  which  measure time t and time r. 
Inasmuch as d.r/dt is  n o t  a cons t an t ,  T -  and t -c locks  cannot  be  synchro- 
n i zed   fo r  a f i n i t e   i n t e r v a l   o f  t i m e .  But they  can  be  synchronized  for  
a n   i n f i n i t e l y   s h o r t   i n t e r v a l   o f  t i m e  which con ta ins   t he  moment t = 0 .  
Consider ing  the moment t = 0 as a moment of   p resent  t i m e ,  we  r e g u l a t e  
the  t -  and T-clocks so  tha t   t he i r   un i t s   ( s econds )   co inc ide .  Then equat ion  
(3 .27)  w i l l  be s a t i s f i e d .  We s h a l l  c a l l  t h i s  a cond i t ion  of t h e   r e l a t i v e  
c a l i b r a t i o n   o f  t -  and r - c locks .  

L e t  us assume t h a t   t h e r e  are spa t i a l  po in t s  A and A ' ,  the  
coordinates  of  which are 5 and 5' .  i n   t he   sys t em ( 5 )  and ,   r e spec t ive ly ,  

x and x! i n   t h e   s y s t e m   ( x ) .  We have 
j 3 

j J 
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We can ,   a l t hough   un t i l  now only  formally,   consider  the  magnitude 
Ix - x' I as the   d i s tance   be tween  po in ts   in   the   sys tem  (x)   and  15 - 5 '  
as t h e   d i s t a n c e   i n   t h e   s y s t e m  ( 5 ) .  I n   a d d i t i o n ,  i t  is  p o s s i b l e   t o  
r e q u i r e   t h a t   i n   t h e  moment of t i m e  t = 0 both   d i s tances   co inc ide ,   o r  
acco rd ing   t o  (3.29) 

(3.30) 

We s h a l l  c a l l  t h i s   t h e   c o n d i t i o n  of relative c a l i b r a t i o n   i n   t h e  scale of 
t he   d i s t ance  measurement i n   t h e  ( 5 ) -  and (x)-systems. From equat ion  
(3.28) i t  fo l lows   t ha t  C = 1 and  on the  basis   of   equat ion  (3 .26)  , we 
have 

- =  d7 a2. 
d t  (3.31) 

U t i l i z i n g   t h e  l as t  express ion ,  i t  i s  poss ib le   to   ob ta in   equat ion   (3 .25)  
by  means of   the  conversion  of   equat ion  (3 .12) .  

Equations  (3.24)  and  (3.25)  do  not  accurately  coincide,  and  there- 
f o r e  i t  i s  poss . ib le   to   p rove   tha t  w e  have two d i f f e r e n t   t h e o r i e s :   t h e  
theories   of   the   preceding and p r e s e n t   s e c t i o n s .  However, t h i s   d i f f e r e n c e  
i s  o n l y   f o r m a l .   I n   r e a l i t y   t h e   s o l u t i o n   t o   t h e   e q u a t i o n   i n   t h e  form  of 
a power series, and cons ide r ing   t he   ca l cu la t ion  of the  quadrat ic   terms,  
is 

a (7) = 1 +  BT - - 2 ~ 2 7 2  + . . . , (3.32) 

where B is  the   cons tan t   o f   in tegra t ion ,  and a (7) s a t i s f i e s   t h e   o r i g i n a l  
condi t ions   (3 .30) .  But the power series (3.32)  with i t s  terms w r i t t e n  
o u t   a l s o   s a t i s f i e s   t h e   e q u a t i o n   ( 3 . 2 4 )  s o  tha t   the   d i f fe rence   be tween  the  
solutions  of  equations  (3.24)  and  (3.25)  begins  with  the  calculations  of 
t he  numbers o f   t he   t h i rd  and  higher  orders  of series (3.32) . I n   t h e  
i n t e r v a l  

(3.33) 

i f  T~ is  no t   t oo   g rea t ,   t he   d i f f e rences   be tween   t he   so lu t ions   o f   t he  

c i t ed   equa t ions   p rac t i ca l ly   do   no t  ex is t ,  and they  are both   equal ly  
s u i t a b l e   f o r  a desc r ip t ion   o f   t he  test par t ic le  i n   t h e   f i e l d   o f   u n i v e r s a l  
g rav i t a t ion .   In   connec t ion   w i th   t he  l a t te r ,  i t  i s  necessary   to   ment ion  
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tha t   on   t he   bas i s   o f   t he  material d e s c r i b e d   i n   S e c t i o n  2 of t h i s  p a p e r ,  
from  equations  of  motion, it i s  gene ra l ly   imposs ib l e   t o   r equ i r e   t ha t  
they  descr ibe  the  motion  of   the test pa r t i c l e  over   any  given  interval   of  
t i m e .  We c o n s i d e r -   t h a t   t h e   i n t e r v a l   o f  time i n  (3.33) i s  the   exac t  time 
necessary   for   meaningfu l   so lu t ions   to   equa t ion   (3 .24)   o r   (3 .25) .  

On t h e   b a s i s  of t he   s t a t ed   equa t ion  [ (3 .5)   or   (3 .22)]   the   equat ions 
for   the   de te rmina t ion   of   mot ion   of   the  test  par t ic le   can   be   cons idered  
t o  be  accurate. ,   and  the  question  concerning  which is  t o  be given p r e -  
fe rence  is  a matter of tas te .  However, i n  view  of  the  compactness  and /89 
complete ana logy   in   the   equat ions   o f   mot ion   of   the  t es t  p a r t i c l e  under 
t h e   e f f e c t  of a f i n i t e   s y s t e m   o f   g r a v i t a t i n g  masses, t he   au tho r  of t h i s  
p a p e r  p re fe r s   equa t ion   (3 .5 )   t o   equa t ion   (3 .22 ) .  

In   equat ion   (3 .5)   the   coord ina tes  5 of   the t e s t  par t ic le  are 

r e p r e s e n t e d   i n   g e n e r a l i z e d   i n t e g r a l s ,   b u t   t h e  t i m e  v a r i a b l e  T is  expressed 
by an   o rd inary  number. A d e f i n i t e  asymmetry in   t he   r ep resen ted   coord ina te s  
of the  space-time  continuum  evidently i s  e f f e c t e d  by a n o n - r e l a t i v i s t i c  
solut ion  of   the  problem. 

j 

Although  the  exact   solut ion  of   equat ion  (3 .5)   for  a su i tab ly   long  
i n t e r v a l   o f  t i m e  does  not  have a s a t i s f a c t o r y   p h y s i c a l   v a l u e ,  as an  
example  of  an  accurate  solution,  which i s  given by the   fo l lowing  
express ions   for  a (t) and T ( t )  , i t  c a n   i n t r o d u c e   d e f i n i t e   i n t e r e s t s :  

a ( t)  = e , & A t  

T = % -  - 1 ) .  

(3.34) 

(3.35) 

I n   h i s  t i m e ,  Milne  proposed a hypothesis   according  to   which two 
systems  of time t and T e x i s t .   I n  them, T i s  cosmological time and t is  
convent ional  t i m e .  The r e l a t i o n  between T and t according  to   Milne i s  
conveyed  by the  formula  (3.35),  and t h e r e f o r e ,  we s h a l l   c a l l   e x p r e s s i o n s  
(3.34) and (3 .35)   Mi lne ' s   so lu t ions .  

$ 4 .  Concerning  the  Existence of Two Systems 
of Measurement  of  Space and T ime  

Equations(3.5) are equat ions  of motion  of a test  p a r t i c l e   i n  
( 5 ,  T) -system  of space and t i m e  coordinates.   With a conversion by means 
of formula  (3.6)  from  equation  (3.5),  we obtain  equat ion  (3 .7) ,   which 
a l so   desc r ibe   t he   mo t ion  of a tes t  p a r t i c l e ;  however,  not i n   t h e  ( 5 ,  7 ) -  
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system  but i n   t h e   ( x  , t) -sys tem  of   coord ina tes .   F ina l ly  , t he re  are two 
types  of   equat ions of motion  of a pa r t i c l e , equa t ions  (3 .5 )  and (3.7) ;  and 
the re  are , r e s p e c t i v e l y  , two systems  of  coordinates  of space and t i m e ,  
( 5 ,  7) -  and (x, t ) -systems.  

I f  t h e   i n t e g r a l s  5 accord ing   to   formula   (3 .6) ,  are the   coord i -  
j' 

nates   o f   the  spa t ia l  po in ts ,   then   the   d i f fe rence   be tween  the   coord ina tes  
is a n   a c t u a l  number. By de f in ing  

as the  dis tance  between  the  points   with  the  coordinates  5 and 5' the  

d i s t ance  as a measurable  magnitude w i l l  be   exp res sed   i n   ac tua l  numbers. 
The distance  between  the same po in t s  i s  ca l cu la t ed  by  means o f   t h e i r  
coord ina tes  x and x ' .  

j j' 

j j 

Therefore  , formulae (4  .l) and ( 4 . 2 )  y i e l d  

whereby the   func t ion  a ( t )  is  the   so lu t ion   t o   equa t ion  ( 3 . 9 ) .  

I n  ( 5 ,  T)-system  the t i m e  lapse i s  expressed by t h e   v a r i a b i l i t y  of 
the  values  of T and , r e s p e c t i v e l y ,   i n   t h e  (x, t )   -system by t h e   v a r i a b i l i t y  
of t he   va lue  t ,  whereby T and t are combined by t h e   f u n c t i o n a l   c o r r e l a t i o n  

and T (t)  s a t i s f i e s   t h e   d i f f e r e n t i a l   e q u a t i o n   ( 3 . 3 1 ) .  

The u t i l i z a t i o n  of t he  two q u a l i t a t i v e l y   d i s t i n c t   s y s t e m s  of 
coord ina tes   rendered  i t  p o s s i b l e   t o  remove  from the   theory  of un ive r sa l  
g r a v i t a t i o n   t h e   c o n t r a d i c t i o n   i n   t h e  form  of a gravi ta t iona l   paradox.  
However, t he   so lu t ion   t o   t he   p rob lem  has   so   f a r  a formal   character .   For  
the  acceptance of the   phys ica l   theory ,  i t  i s  p r imar i ly   necessa ry   t o  
i n d i c a t e  what  formulae  (4.3)  and ( 4 . 4 )  des igna te  and t o   d i s c l o s e   t h e  
physical  essence  of  these  formulae.  
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The distance  between two p o i n t s   i n  space i s  a magnitude  which  can 
be  obtained  through  measurement;  for  example , measurement by means of a 
r i g i d  scale. 

On t h e   o t h e r  hand , th i s   d i s tance   can   be   ob ta ined   th rough a me t r i c  
formula by ca l cu la t ing   t he   coord ina te s  of   the  points .  We have  not   yet  
established  which  one of  formulae  (4.1)  or  (4.2)  must  be  considered as a 
metr ic   formula.  An analogous  problem  also arises dur ing   an   in te rpre-  
t a t i o n  of  formula  (4.4) . Time  a t  a g iven   po in t   i n   space  i s  measured i n  
hours .  The ques t ion   cons is t s   o f   whether   the   hours  show t h e   v a r i a b i l i t y  
of   the   va lues  t or   the   va lues*   of  T. 

I n   o r d e r   t o   o b t a i n   a n  answer t o   t h e  posed  questions we t u r n   t o  
the  Weyl pr inc ip le ,   which  i s  t h e   r e s u l t  of ana lyz ing   t he   bas i s   fo r   t he  
g e n e r a l   t h e o r y   o f   r e l a t i v i t y .  

In   1921 Weyl i n d i c a t e d   t h a t ,   f o r   t h e   c o n s t r u c t i o n  of a genera l  
t h e o r y   o f   r e l a t i v i t y ,   t h e r e  i s  no  need t o  assume t h e   i n i t i a l   e x i s t e n c e  
of  instruments  for  the  measurements  of spa t i a l  d i s t a n c e s  and  hours  for 
the  measurement  of t i m e .  The instruments  for  the  measurement  of space- 
t ime  dis tances  are developed as a r e s u l t  of the  theory and can  be 
cons t ruc ted  on the  basis   of   the   theory  which i s  a l r e a d y   a v a i l a b l e .  The 
g e n e r a l   t h e o r y   o f   r e l a t i v i t y  i s  p r imar i ly  a theo ry   o f   g rav i t a t ion .  
According  to   the Weyl pr inc ip le ,   the   mot ion   of  matter (by  the l a w  of 
gravi ta t ion)   determines  the  system  of   measurement   of   space- t ime  dis tances .  
We s h a l l   c a l l   s p a c e  and time measured by  means  of t h e   g r a v i t a t i o n a l  /91 
motion of matter, g r a v i t a t i o n a l   s p a c e  and t i m e .  

For  an  explanation  of  the  essence  of  the Weyl p r i n c i p l e ,  i t  i s  
i n t e r e s t i n g   t o  examine   the   appl ica t ion   of   the   ver i f ica t ion  of the  passage 
o f   t echn ica l   hour s ;   t ha t  i s ,  the  instruments   of  time measurement  which 
are based  on a de f in i t e   pe r iod ic   mo t ion  of matter ( for   example,  a 
pendulum clock)   but  as i n  any instrument,   they  do  not  measure a t i m e  
lapse with  complete  accuracy. The passage  of   technical   hours  i s  checked 
by astronomical   observat ions  whereby  the  most   accurate   correct ions are 
obtained  from  observations of the  motion of t he   p l ane t s ,   t he  Moon and the  
Ear th   ( the   Sun) .  It i s  cons idered   tha t   the   mot ion   of  members of  the 
s o l a r   s y s t e m   c o m p l i e s   w i t h   t h e   d i f f e r e n t i a l   e q u a t i o n s   o f   c e l e s t i a l  
mechanics  which are obtained from the  theory of g r a v i t a t i o n .  The equat ions 

* 
In   t he   p re sen t   r e sea rch ,   t he   p rob lem  o f   g rav i t a t ion  and a l s o   t h e  

problem  of  metrics  of  space  and time, are examined i n   t h e   n o n - r e l a t i v i s t i c  
approximation.  Therefore,  i t  i s  cons ide red   t ha t  space and t i m e  are 
d i v i d e d :   t h e   f i r s t  is  measured  by a r i g i d   s c a l e  , the  second by hours .  
However, we s h a l l   r e t u r n   t o   t h e  problem  of a r i g i d   s c a l e  la ter .  
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and t h e i r   s o l u t i o n s  are considered  to   be  e lementary,   and  the  passage  of  
t i m e  i s  determined so  tha t   t he   ca l cu la t ed  and  observed  positions  of  the 
p lane ts   co inc ide .  It i s  e v i d e n t   t h a t   i n   t h e   d e s c r i b e d  method  of  measur- 
ing  the  passage  of  t i m e  t h e r e  is  the  matter of a p r a c t i c a l   a p p l i c a t i o n  
of  Weyl's p r i n c i p l e  and tha t   t he   so l a r   sys t em  r ep resen t s  a r e a l i z a t i o n  
o f   t h e   g r a v i t a t i o n a l   c l o c k s .  

In   o rde r   t o   unde r s t and  more fu l ly   t he   e s sence  of t he  Weyl p r in -  
c i p l e ,  we w i l l  note ,   that   wi th   the  technological   development   of   the  
app l i ca t ion   o f  time measurement i n   t h e  last  decade,  atomic  clocks,   working 
on  the  basis   of   a tomic  processes ,   have  been  appl ied  with  great   success .  
From  among the  a tomic  c locks,  we s h a l l  examine  those  which  work by means 
of a radioact ive  decomposi t ion  of   a tomic  nuclei  of ce r t a in   chemica l  
e lements .   Present ly ,   the  number of   actual ly   executed  decomposi t ions is 
d i s t ingu i shed  from the  number o f   nuc le i   po ten t i a l ly   capab le  of such a 
process by  means of   counters .  The r ise  i n   t h e  number of  impulses,  which 
are r e g i s t e r e d  by the   coun te r ,   pa ra l l e l s   t he   pas sage  of t i m e .  However, 
the   quant i ta t ive   da ta   concern ing   the   passage   of  t i m e  i s  obtained  from 
the  l a w  of r ad ioac t iv i ty   acco rd ing   t o   wh ich   t he   p robab i l i t y  of d i s i n t e -  
g r a t i o n  per u n i t  of t i m e  i s  independent  of time. The i n c r e a s e   i n   t h e  
number of  decompositions i s  ca l cu la t ed   and ,   acco rd ing   t o   an   appropr i a t e  
formula,   the  passage of t i m e  i s  determined  on  the  bas i s  of   the  counter  
readings .  

It i s  e v i d e n t   t h a t   t h e  l a w  of r a d i o a c t i v i t y  came f i r s t  and t h a t  
the  determinat ion  of   the  passage  of  time i n   h o u r s  was developed as a 
r e s u l t  of t h i s  l a w .  The circumstance,   according  to   which  the law of 
r a d i o a c t i v i t y  i s  of a s t a t i s t i c a l   c h a r a c t e r   d o e s   n o t  al ter the   na ture  
of the  method.  In  the  described  example  of a c lock ,   the  Weyl p r i n c i p l e  
moves i n t o  a region  unforeseen by Weyl h i m s e l f .   I n d e e d ,   i n   o r d e r   t o  
formula te   the  l a w  of rad ioac t ive   decomposi t ion ,  i t  i s  not   expedient   to  
assume t h e   i n i t i a l   e x i s t e n c e  of a c lock .  The l a t t e r  i s  developed  on  the 
b a s i s  of a l a w  which  has  already  been  formulated,  as was ind ica t ed  above 

Having t h e   g r a v i t a t i o n a l  and  atomic  clocks, i t  i s  p o s s i b l e   t o  
compare their   motion.   During a comparison, a p r e l i m i n a r y   r e l a t i v e  ca l i -  
b ra t ion   o f   t hese   c locks  i s  made.  During a r a t h e r   s h o r t  t i m e ,  the   c locks  
are se t  up so t h a t , o n   t h e   a v e r a g e ,   t h e i r   r e a d i n g s   c o i n c i d e   w i t h   t h e i r  
motion. The s h o r t e r   t h e   d u r a t i o n   o f   t h e   r e l a t i v e   c a l i b r a t i o n ,   t h e  /92 
more accu ra t e  is t h e   r e s u l t  of th i s   p rocedure .   I f   the   c locks   measure  
t i m e  i d e n t i c a l l y ,   t h e   r e l a t i v e   c a l i b r a t i o n  is maintained  forever.   But 
inasmuch as g r a v i t a t i o n a l   c l o c k s  work  on  the  basis ot grav i t a t iona l   mo t ion  
of matter, and  atomic  clocks  work on the   bas i s   o f  atomic processes  
and  inasmuch as the  laws of  macro  and  micro  physics are q u a l i t a t i v e l y  
d i s t i n c t ,  good r e a s o n s   e x i s t   t o  assert the  opposite:   that   atomic  and 
gravi ta t iona l   c locks   do   no t   measure  t i m e  i n   a n   i d e n t i c a l  way. It i s  a l s o  
c l e a r   t h a t   b o t h   k i n d s  of c locks  are v a l i d .  The two systems  of  measuring 
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t i m e  are w e l l  founded,  and  both  systems  from a physical   v iewpoint  are 
e q u a l l y   v a l i d .  

The genera l   theory   o f   re la t iv i ty   possesses   comple teness  and 
independence. The completeness of the   theory  i s  expressed by t h e   f a c t  
t h a t   t h e   g e n e r a l   t h e o r y   o f   r e l a t i v i t y   e x h a u s t i v e l y   y i e l d s  laws of 
g r a v i t a t i o n  and the  motion  of  matter  which is  r e l a t e d   t o   t h i s   t h e o r y .  
I ts  self-containment  i s  r e f l e c t e d  by the   f ac t   t ha t   t he   gene ra l   t heo ry   o f  
r e l a t i v i t y   d o e s   n o t   r e q u i r e ,   f o r  i t s  structure  or  comprehension,  any 
measuring  instruments ,  whose physical   essence i s  no t  encompassed by the  
theory.  As f a r  as the  measurement of t i m e  i s  concerned, we have  a l ready 
t r i e d   t o   e x p l a i n   i n   t h e  example  of gravi ta t ional   and  a tomic  c locks,   what  
t h e   s e l f - c o n t a i n m e n t   o f   t h e   r e l a t i v i t y   t h e o r y   c o n s i s t s   o f   i n   r e l a t i o n   t o  
the  measurement  of t i m e .  The g e n e r a l   t h e o r y   o f   r e l a t i v i t y   e n j o y s   a n  
independence of e x a c t l y   t h e  same type as tha t   o f   an   ins t rument   for   the  
measurement  of spa t i a l  d i s tances .   Return ing   to   the   example   o f   the   so la r  
system, i t  i s  p o s s i b l e   t o   e s t a b l i s h   t h e   f a c t   t h a t   t h i s   s y s t e m   n o t   o n l y  
r ea l i zes   g rav i t a t iona l   hour s ,   bu t   a l so   de t e rmines   w i th  i t s  own motion 
the scales f o r  measurements  of spa t ia l  d i s t a n c e s .  Not b e i n g   a b l e   i n   t h e  
present  a r t i c l e  to   d i scuss   i n   de t a i l   t he   va r ious   cons t ruc t ions   wh ich  
r ea l i ze   t he   i n s t rumen t s   fo r  measurement  of  space  and  time i n   t h e   g e n e r a l  
theory of r e l a t i v i t y ,  w e  w i l l  men t ion   t ha t   t he   cons t ruc t ion   o f   such  a 
t y p e   h a s   a l r e a d y   b e e n   g i v e n   i n   s c i e n t i f i c   l i t e r a t u r e   ( P a u l i ) .  

The completeness  and  self-containment  of  the  general  theory of 
r e l a t i v i t y  limits the  area of i t s  a p p l i c a t i o n .   T h i s   t h e o r y   c l e a r l y  
expla ins  a def ined  range  of   physical  phenomena bu t  i t  cannot  give  an 
answer to   the  quest ions  concerning,   for   example,   the   a tomic phenomena. 
In   connec t ion   w i th   t h i s ,   t he   d i scuss ion   conce rn ing   t he   ex i s t ence   o f   t he  
s o - c a l l e d   r i g i d  body has a c e r t a i n   s i g n i f i c a n c e .  It has   been  asser ted 
tha t   t he   ex i s t ence   o f  a r i g i d  body is  not   compat ib le   wi th   the   p r inc ip le  
of r e l a t i v i t y .  It seems t o  us t h a t   t h e  l a s t  a s s e r t i o n   c a n   c a u s e  a 
misunderstanding. The r i g i d  body e x i s t s  , but   the   phys ica l   essence  of the  
r i g i d  body i s  not   explained by t h e   g e n e r a l   t h e o r y   o f   r e l a t i v i t y .  

Whether t h e   r i g i d  body ex i s t s .   o r   no t   does   no t   conce rn   t he   gene ra l  
t h e o r y   o f   r e l a t i v i t y ;  by the same token  the  theory i s  not   concerned  with 
the   ex i s t ence   o f   r ad ioac t ive   e l emen t s .  The r i g i d  body i s  the  m a t e r i a l w  
f o r   t h e   c r e a t i o n  of a s o l i d   c o r e ,  which  the  instrument  for  measuring 
spa t ia l  d i s t a n c e s   r e p r e s e n t s .  B u t ,  s ince   the   genera l   theory  of r e l a t i v i t y  
does   no t   requi re   an  axiom  of the   o r ig ina l   ex is tence   o f   ins t ruments   for  
measuring  space  and time, and the   so l id   co re  seems t o  be   such   an   i n i t i a l ly  
e x i s t i n g   i n s t r u m e n t   i n   r e l a t i o n   t o   t h e   g e n e r a l   t h e o r y   o f   r e l a t i v i t y ,  w e  
a g a i n   a r r i v e  a t  t h e   c o n c l u s i o n   t h a t   t h e   g e n e r a l   t h e o r y   o f   r e l a t i v i t y  i s  
c o m p l e t e l y   i n d i f f e r e n t   t o   t h e  problem  of ex i s t ence  of a r i g i d  body. 
However, i f  we a t t e m p t  t o   i d e n t i f y   t h e   s o l i d   c o r e   w i t h   t h e   i n s t r u m e n t   f o r  
distance  measurement,   obtained as a r e su l t   o f   t he   gene ra l   t heo ry  of 
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r e l a t i v i t y ,   t h e r e  arises a c o n t r a d i c t i o n .   I n   t h i s   s e n s e ,  i t  is  necessary 
to   unde r s t and   t he   a s se r t ion ,   acco rd ing   t o   wh ich   t he   r i g id  body i s  incom- 
p a t i b l e   w i t h   t h e   p r i n c i p l e   o f   r e l a t i v i t y .  Hence, i f   t h e   r i g i d  body 
e x i s t s ,   t h e n  we have i n  a phys ica l   sense ,  two d i s t i n c t   p o s s i b i l i t i e s   f o r  
measuring spat ia l  d i s t a n c e s .  One of them a p p l i e s  t h e   r i g i d   c o r e ,   t h e  
o ther  a p p l i e s  t o   an   appropr i a t e   i n s t rumen t ,   cons t ruc t ed   on   t he   bas i s  of 
grav i ta t iona l   mot ions   o f  matter and def ined by us as t h e   g r a v i t a t i o n a l  
scale of length .  

I f   t he   gene ra l   t heo ry  of r e l a t i v i t y  i s  complete and se l f - con ta ined  
in   t he   s ense   desc r ibed   above ,   t hen   t he re   shou ld   ex i s t   a l so   o the r   r eg ions  
of physics   with  such a c h a r a c t e r i s t i c .  We, consider  quantum  mechanics 
o r ,   i n   gene ra l ,   t he   phys i c s   o f   mic ro   un ive r se  as a n o t h e r   f u l l y   s e l f -  
contained  theory.   Because  of  self-containment,   the  physics  of  the  micro 
universe  determines i t s  own system  of  space and time measurement,  which 
is  known as the  atomic  system.  Since  the  r igid  body, as a n   i d e a l i z a t i o n  
of a hard  body, i s  the  product   of   a tomic  forces   and  motions,   the   r igid 
core  i s  obviously  the  instrument   for   dis tance  measurement   in   an  a tomic 
sys tem.   Concurren t   wi th   the   a tomic   c lock ,   the   r ig id   core   per ta ins   to  a 
complex  of  instruments  for  space and t i m e  measurement within  the  a tomic 
measurement  sys t e m .  

The hypothesis  of the   ex is tence  of two o r  more  systems  of  space 
and t i m e  measurement cons t i t u t e s ,   i n   e s sence ,   an   expans ion  of  the Weyl 
p r i n c i p l e   i n t o   v a r i o u s  areas of  physics,   which  encompass  quali tatively 
d i s t i n c t  l a w s  of motion  of matter (macro  and  micro  physics). Weyl himself 
a t t e m p t e d   t o   u t i l i z e   t h i s   p r i n c i p l e   f o r   t h e   c r e a t i o n   o f  a s i n g l e   f i e l d  
theory,   which  would  combine  the  entire  physics  in  universal   equations.  
However,  none of the  a t t e m p t s  i n   t h i s   d i r e c t i o n  have   y i e lded   s a t i s f ac to ry  
r e s u l t s .   I f  we  cons ide r   t ha t   t he   imposs ib i l i t y   t o   c r ea t e  a s ing le   t heo ry  
i n   t h e   s e n s e   o f   E i n s t e i n  and Weyl i s  a p r inc ipa l   imposs ib i l i t y ,   t hen  
the re  i s  no s i n g l e  Weyl p r inc ip l e   fo r   phys i c s  as such.   Physics  i s  
d iv ided   in to   ind iv idua l ,   comple te  and self-contained  branches,   each  of  
which  has i t s  own system  of  space and time measurement. The la t te r  
hypothes is   does   no t   cont rad ic t   our   concept   concern ing   the   un i ty   o f  /94 
space and t i m e  as a natural   background  for   understanding  of   the  essence 
of matter and i t s  motion.  Space and time are a uniform  continuum  of  their  
po in t s  and i n   t h i s   c o n t i n u i t y  i s  contained  the  most   general   descr ipt ion 
that  can  be  given  on space and t i m e .  However, i f  we proceed  with  the 
measurement of the  space-time cont inuum,   then   the   resu l t s  w i l l  be  depen- 
dent  on  the  physical   essence  of  the  measurement  instruments.  

A mathemat ica l   express ion   for   the   cont inui ty   o f   the  space-time 
continuum p e r m i t s  t h e   a p p l i c a t i o n  of  concepts of coordinates  and 
coord ina te   sys t ems .   In   p r inc ip l e ,   t he   coo rd ina te   sys t em  r ep resen t s  a 
number of  abstract   mathematical   symbols  with  the power of a continuum 
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(actual  numbers,  generalized  integrals  of  a  special  type, etc.), in  which 
the  continuum  of  the  points  of  space-time  are  reflected.  From  these 
mathematical  symbols  the  fulfillment  of  properties  characteristic  of  the 
mathematical  symbols  are  required.  First  of  all,  a  potentiality  of  the 
determined  mathematical  operations  is  essential.  But  moreover  in  a 
majority  of  symbols,  the  meaning  of  the  infinitesimal  difference  between 
two symbols  must  be  determined.  The  mentioned  quantity  will  be  a  system 
of  coordinates  if  the  corresponding  symbols  of  two  infinitely  close  points 
differ  slightly.* 

The  potentiality  for  application  of  a  large  number  of  generalized 
integrals 5 of  a  coordinate  system of three  dimensional  Euclidean  space 

was  utilized  in  the  present  work  for  the  creation  of  the  theory  of  uni- 
versal  gravitation  in  a  non-relativistic  approximation.  This  theory  is 
free  from  a  gravitational  paradox.  The  analysis of the  equations  of 
motion  of  the  test  particle  and  the  attempt  to  solve  them  indicates  also 
the  necessity  to  apply  the  systems  of  coordinates  x in  actual  numbers. 
Finally,  we  have  the  systems  of  coordinates 

j 

j 

of  space-time.  These  coordinates  can  be  considered  as  belonging  to 
distinct  types.  We  consider  that  the  distinction of the  types  reflects 
the  distinctions  of  corresponding  systems  of  space  and  time  measurement, 
whereby  the  hypothesis  of  the  existence  of  diverse  systems  of  measure- 
ment  should  be  considered  a  result  of  the  general  Weyl  principle.  Since, 
in  the  system ( 5 ,  I-) the  potential R and  the  equations  of  the  test 
particle's motion  are  direct  generalizations  of  the  corresponding 
correlations  of  the  classical  theory  of  gravitation.  This  system  of 
coordinates  corresponds  to  the  gravitational  system  of  measurement. As 
far  as  the  (x, t) -system is  concerned  there  are  no  direct  indications 
that  it  belongs  to  space  and  time  measured  by  the  rigid  core  and  the 
atomic  clocks.  However,  for  lack  of  a  better  definition we preliminarily 
consider  the  (x,  t)-system  to  be an  atomic  system  of  measurement. /95 

The  relation  between  gravitational  time T and  atomic  time t is 
expressed  in  formulae  (3.31)  and  (3.32). The  constant  B  in  formula 
(3.32)  expresses  the  acceleration  of  one time  relative  to  the  other: 

2 

dt2 
" d r - B .  

* 
The  concept  of  infinitely  close  points  comes  from  the  idea  of  a 

continuum  and  does  not  propose  a  definite  metric  for  space. 
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The un ive r sa l   cons t an t  B is  , of  course , a ve ry  small magnitude. I t s  
experimental   determination  requires  the  comparison  of  the  motion  of 
a tomic   and   g rav i t a t iona l   c locks   i n   t he   cour se   o f  a pro longed   in te rva l  
of time. One can  determine  the  constant  B i n d i r e c t l y   i n   t h e   f o l l o w i n g  
way. 

The evo lu t ion  of t he  s te l lar  system i s  r egu la t ed  by the  motion  of 
matter under   the   in f luence   o f   g rav i ta t iona l   forces   and   takes  place i n  
g r a v i t a t i o n a l  t i m e .  The evolu t ion   of   ind iv idua l  stars in   t he   sys t em is  
determined by the  measurement  of i t s  i n n e r   s t r u c t u r e   p r i m a r i l y  by the  
burning  out  of hydrogen,  and  therefore i t  takes   p lace   in   a tomic  t i m e .  
A comparison  of  the  age  of  the s te l lar  system  calculated  from dynamic 
f a c t o r s  and the  age  obtained  f rom  the  change  of   the  internal   s t ructure  
of a s tar  makes i t  poss ib l e   t o   de t e rmine   t he   un ive r sa l   cons t an t  B .  
Another   ana logous   oppor tuni ty   for   the   ind i rec t   de te rmina t ion   of   the  
numerical   value  of   the  constant  B consists  of  the  comparison  of  the  age 
of  the  solar  system,  which i s  ca l cu la t ed  from  the  dynamic  considerations, 
and the  age  obtained  from  the  decomposition  of  uranium  on  the  Earth. 

The r e l a t i o n  be tween  the   un i t s   o f   d i s tance   in  ( 5 ) -  and  (x)-systems 
i s  given by formulae ( 3 . 2 9 )  and ( 3 . 3 2 )  from  which i t  fo l lows   t ha t  one - 
space expands r e l a t i v e   t o   t h e   o t h e r   a c c o r d i n g  

4 d t  (E 
i f   t h e   s y s t e m  of t i m e  t i s  used, 

) = 2 ( B 2 -  

t o   t h e  l a w  

1 ” 2 )  2 , 

and accord ing   t o   t he  l a w  

( 4 . 5 )  

i f   t he   sys t em  o f  t i m e  T i s  used. 
o f   t h e   s p e c t r a l   l i n e s  of d i s t a n t  

The well-known e f f e c t   o f   t h e   r e d   s h i f t  
s p i r a l  nebu lae   a l so   i nd ica t e s  a c e r t a i n  

expansion of the  Metagalaxies .  However, i t  i s  n e c e s s a r y   t o   f u r t h e r  
deve lop   the   theory   o f   red   sh i f t   s ince  i t  i s  s t i l l  not   c lear   whether  
equat ions ( 4 . 5 )  and ( 4 . 6 )  express th i s   e f f ec t .   [Equa t ions  ( 4 . 5 )  and ( 4 . 6 )  
give  a relative change  of  the scale o f   l e n g t h ;   t h e   r e d   s h i f t  i s  a d i s -  
placement of s p e c t r a l   l i n e s . ]  

In   conc lus ion  i t  i s  s t i l l  n e c e s s a r y   t o   n o t e   t h a t   i n   t h e  / 96 
(x ,   t ) - sys tem,   the  vacuum has a g r a v i t a t i o n a l   c h a r a c t e r i s t i c .   I n   f a c t ,  
i n   t he   fo rmula  of t h e   p o t e n t i a l  

- 
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t h e   e f f e c t i v e   d e n s i t y   i s  

The l a t t e r  can be nega t ive ,  and this   takes   place  where  the  densi ty  of 
ma t t e r   i n   t he   u sua l   s ense   i s   equa l  t o  zero .  From th i s   fo l lows   t he  
g r a v i t a t i o n a l   a c t i v i t y  of a  vacuum. I n   t h e  ( 5 ,  T) -system  a  similar 
e f f e c t  was not  observed. 
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ARTICLES AND SURVEYS (REVIEWS) - /97 

CONCERNING THE SOURCES OF THE INNER HEAT OF THE EARTH 

E . A .  Lubimova 

The data  have  been  examined  concerning  the  role of s h o r t - l i v e d  
rad ioac t ive   i so topes   in   the   thermal   ba lance   o f   the   Ear th ,   the  release of  
g r a v i t a t i o n a l  and e l a s t i c   e n e r g y ,   t h e   g e n e r a t i o n  of energy due t o   t h e  
changeover  of  the  Earth,  the  generation  of  heat by t i d a l   f r i c t i o n ,   t h e  
hypothesis  on the   ro l e   o f   t he   neu t r ino ,  and the new d a t a  on t h e   n a t u r a l  
r a d i o a c t i v i t y  of long- l ived   i so topes .  It has   been   ind ica ted   tha t  a 
s i g n i f i c a n t  p a r t  o f   t he   g rav i t a t iona l   ene rgy   r e l eased   i n   t he   p rocess   o f  
the  condensat ion  of   the  Earth  can be  transformed  into  the  energy  of 
e l a s t i c   d e f o r m a t i o n .  The a c t i v i t y  of   the  short- l ived  isotopes  can be 
s i g n i f i c a n t   o n l y   f o r   t h e   c e n t r a l  p a r t  of t he   i nne r   co re   o f   t he   Ea r th .  

Recently,   there  have  been  assumptions made concern ing   the   necess i ty  
to   ca l cu la t e   i n   t he   t he rma l   ba l ance  of  the  Earth a number of f a c t o r s  
which we d id   no t  a t t e m p t  t o  do ear l ier .  L e t  us now examine  the  possible 
r o l e  of   such  factors  as t h e   e n e r g e t i c   e f f e c t  of s h o r t - l i v e d   i s o t o p e s ,   t h e  
emission  of   heat   in   the  process   of   the   gravi ta t ional   changeover  of t he  
Ear th ,   the   hypothes is   concern ing   the   ro le   o f   the   neut r ino ,   the   emiss ion  
o f   h e a t   i n   t h e   p r o c e s s   o f   t i d a l   f r i c t i o n ,  and a l s o   t h e  new da ta   concern ing  
the  mean content  of  uranium  thorium and potass ium  in   the   Ear th .  

Table 1 

I n i t i a l  Heat 
Emission , 
c a l / g  * year  

.. . .  

5.3 . 
5.6 

6.6 

- 0  12 

Isotope 

J129 

Np237 

Pu 244 

24 7 Cm 

Period of 
Semi-Decom- 
p o s i t i o n ,  

years  

1.7 10 7 

2.2 10 6 

7.6 . lo7  

4 . l o 7  

I n i t i a l  Heat 
E m i s s  i o n ,  
c a l / g  * year  

3 .9  . 
7.2 . 
5.1  . 

:2.1 - 10" 

I &  . . . " 
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a) The shor t - l i ved   i so topes .   P re sen t ly ,  27 s h o r t - l i v e d  /98 
i so topes  are known pr imar i ly   th rough  the   d i scovery   o f   the i r   p roducts   o f  
decomposi t ion   in   abnormal ly   l a rge   quant i t ies   in   compar ison   wi th   the  
curve of t h e i r  cosmic  abundance. Many shor t - l i ved   i so topes  are obta ined  
a r t i f i c i a l l y ,  and the  per iods  of   their   decomposi t ion are known exac t ly .  

They c o n s t i t u t e  lo6  - 10  years  which i s  s i g n i f i c a n t l y  less than  the  age 
of   the  Earth.  The emission  of  energy  during  the  decomposition  of  the 
short- l ived  isotopes  could  have  played a s u b s t a n t i a l   r o l e   i n   t h e   e a r l y  
per iod of t h e   E a r t h ' s   h i s t o r y .  

8 

Unt i l   r ecen t ly  a l l  i so topes   wi th   per iods   o f  10 years  and less 
have decomposed t o  immeasurably small q u a n t i t i e s .   T h i s  i s  the way i n  
which   the   in t roduct ion  of the  term " e x t i n c t   r a d i o a c t i v i t y "  i s  explained.  

8 
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Fig .  1. The Emission  of  Heat by the  
Short-Lived  Isotopes.  

In   Table  I, t hose   sho r t - l i ved   i so topes  are l i s t e d  which  have  the 
l o n g e s t   l i f e  t i m e  and show t h e   g r e a t e s t   e n e r g e t i c   e f f e c t .   I n   F i g .  1 the 
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emission  of   heat   wi th  t ime  f rom  the,short- l ived  isotopes i s  shown. The 

beginning  of time i s  taken  from  the moment 4.5 10 years  ago. We see  
t h a t ,  a t  f i r s t ,   t h e   g r e a t e s t   e m i s s i o n   o f   h e a t  w a s  caused by i so topes  

C136 and Fe6'. But t h e i r   a c t i v i t y   c o n t i n u e d   o n l y   f o r  a m i l l i o n   y e a r s  
a f t e r   t h e   n u c l e a r   g e n e s i s .   A f t e r   t h i s ,   d u r i n g   t h e   c o u r s e   o f  10 m i l l i o n  

years  , t h e   g r e a t e s t   - h e a t   e m i s s i o n  was generated by A126. During  the 

fol lowing 10 m i l l i o n   y e a r s ,  B e l o  and  were  dominant. The d a t a   f o r  
the   cons t ruc t ion   of   Table  1 and Fig .  1 were borrowed  from  the a r t i c l e  of 
Fish,   Goles  , and  Anders  (Ref. 1) . Since  the  per iods  of   the semi- 
decomposition  of  the more e f fec t ive   shor t - l ived   i so topes   do   no t   exceed  

9 

lo6 - 10 yea r s ,   t hen   t he i r   con t r ibu t ion   t o   t he   gene ra t ion   o f   hea t   cou ld  
be  accomplished  if   the moment of  the  beginning  of  the  Earth 's   formation 
were ve ry   c lose   t o   t he  moment of nuc lear   genes is .   In   such  a case ,   t he  
con t r ibu t ion  of sho r t - l i ved   i so topes  would  be  maximal provided   tha t   the  
time of p lane tary   format ion  were less t h a n   o r   e q u a l   t o   t h e   l i f e t i m e  of 
the   i so topes .  However, according to the   p resent  estimates, i t  i s  /99 
much g r e a t e r .  

7 

The per iod of planetary  formation i s  dependent upon the  ra te  of 
their   growth.   Concrete  schemes of  the  physical   process  of  the accumu- 
l a t i o n  were proposed, and the  curves  of the rate of  planetary  growth 
were revea led  by Safronov  (Refs. 2 ,  3 ) .  The curve of the  Earth 's   growth 
is  p r e s e n t e d   i n   F i g .  2 .  Along the   ax is   o f   the   o rd ina tes  i s  the  magnitude 

(m/M)'l3 where m i s  the mass of the  growing  Earth, and M i s  the  present  
mass. We see that  the  growth  of  the  Earth was mainly  concluded i n   t h e  

c o u r s e   o f   t h e   f i r s t  10 yea r s .  Thus , rn = 0 . 9 9  M i s  reached  where t = 

2.5 - 10 yea r s .  

8 

8 

I I I I I I  

a a,v qa (1 IJ 40 z,u 
PERIOD, IO* YEARS 

Fig.   2 .  The Rate of the Growth of t he   Ea r th .  



114 

L e t  us  compare  the ra te  of   the   Ear th ' s   g rowth   wi th   the   per iod  of 
a c t i v i t y  of   the   shor t - l ived   i so topes .  The pe r iod   o f   t he i r   ac t iv i ty   does  

not   exceed   the   in te rva l   0 .2  10 years .   Accord ing   to   the  rate of 8 

growth  of  the  Earth 's  mass, the  magnitude (m/M)'l3 up t o   t h e  moment of 

time t = 0.1 10 or   0 .2  10 years   should   be   equal   to  (m/M) = 0 . 1  
o r   0 . 2 ,   r e s p e c t i v e l y .  From t h i s  we g e t  m = 0.001M or  0.01M. The latter 
value  gives   approximately  the  magni tude  of   the  ent i re  mass o f   t h e   E a r t h ' s  
i n n e r   c o r e .   I n   t h i s  way, the  emission of h e a t  by the   sho r t - l i ved   i so topes  
can be coordinated  only  with  the small i n i t i a l   n u c l e u s  of  the  Earth  which 
occupies  only a small volume o f   t he   Ea r th ' s   i nne r   co re .  

8 8 

From Fig .  1 , we see t h a t   i n   t h e   i n t e r v a l   o f  0 - 0 . 1  10 yea r s ,  
the  main  port ion  of   the  generat ion  of   heat  was determined by i so topes  

A126 , C 1 3 6 ,  and Fe6'. They cou ld   gua ran tee   t he   hea t ing   o f   subs t ance   t o  
the   me l t ing   po in t   ( t he   dashed   l i ne   i n   F ig .  1 shows the  energy  necessary 
for   the   increase   o f   t empera ture   to  30OO0C). A t  t h i s  t i m e ,  the   rad ius   o f  
the   Ear th ' s   nuc leus  amounted t o  less than 100 k i lometers  and the  nucleus 
was a b l e   t o  be melted.  But the   hea t   could   no t   ho ld  i t s  ground  within  such 
a small body  and was q u i c k l y   l o s t   i n   s p a c e   ( R e f .  4 )  . Therefore ,  one can 
d i s r ega rd  i t s  inf luence  on  the  upper   layers .  

8 

Afte r   t he  lapse of 0 .1  10 yea r s ,   t he   depos i t   i n   t he   gene ra t ion  8 

of h e a t  from A126 became i n s i g n i f i c a n t l y  small; the  main p a r t  of the 

genera t ion  was f o r  B e l o  and The maximal temperature  which  could 
be  reached  within  the t i m e  t - tl  i s  determined  by  the  formula 

t -x .T 

T ='6 C l H i e  1 dT J 

tl i 

where  hi i s  the   cons tan t  of decomposition  of  the ith element and H /100 
i s  t h e   i n i t i a l   c o n t e n t   o f  i t .  In   the   g iven   case  

i 

By s u b s t i t u t i n g  t = 0 . 1  * 10 ; t = 0.2  * 10 yea r s ;  = 7.2 . 
ca l /g   yea r s ;  h = 0.314 - 10 years  ; %e = 5.3  * 10  ca l /g  - years  ; 

= 0.276 - 10 years  ; c = 0.2   ca l /g   deg .  We f i n d   t h a t  T X LOO'C. 'Be 

8 8 
1 2 -6 -1 -5 

NP 

-6 -1 



I -  

115 

I n   t h a t  way, provided   tha t   the  moment of the  formation  of   the 
elements   coincides   with  the  beginning of t he   Ea r th ' s   fo rma t ion ,   t he  
m a x i m a l  e f f ec t   o f   t he   sho r t - l i ved   i so topes   shou ld   have   been   r educed   t o  
the   mel t ing   o f   the   cen ter  p a r t  of  the  Earth 's   nucleus  which makes up 
one t e n t h  of the  mass o f   t he   i nne r   co re .   A l so   t h i s  must  have  been 
reduced   to  a rapid  drop  in   temperature   to   the  boundary  between  the  in-  
t e r n a l  and ex terna l   nuc leus .  

During  the  formation  of  the  region of  t he   ex te rna l   nuc leus ,   t he  
r a d i o a c t i v i t y  of t he   sho r t - l i ved   i so topes  had a l r e a d y   p r a c t i c a l l y  
v a n i s h e d .   I n   t h i s  way, i f   t h e   e f f e c t   o f   t h e s e   i s o t o p e s  were t o l d   i n   t h e  
e a r l y   h i s t o r y   o f . t h e   E a r t h ,   t h e n   t h e   m e l t e d  area should   be   the   inner  
nuc leus   ra ther   than   the   ou ter .  However, t he   geophys ica l   f ac t s   i nd ica t e  
the   f ac t   t ha t   t he   i nne r   nuc leus  of  the  Earth  should now be  f irm  and  the 
outer  m e 1  t ed  . 

J u s t   l i k e   F i s h ,   G o l e s ,  and  Anders  (Ref. 1) w e  come to   the   deduct ion  
tha t   t he   ac t ion   o f   t he   sho r t - l i ved   i so topes   can   be   apprec i ab le   on ly   fo r  
very  small planetary  nuclei-"planetesimals" .   Their   cores   can pass through 
t h e   s t a t e  of   mel t ing.   These  planetesimals   can  then  fa l l   out  on t o   t h e  
growing  nucleus  of  the  Earth  bringing on themselves  traces  of  melting, 
bu t   t he   en t i r e   Ea r th   on   t he  whole  could  not  have  been  melted. 

b) The emiss ion   of   g rav i ta t iona l   energy;   the  release of e l a s t i c  
energy .   Cer ta in   au thors   (Refs .  5 through 7) cons ide r   t ha t   t he   emis s ion  
of   g rav i ta t iona l   energy   dur ing   the   p rocess   o f   p lane tary   format ion   can   be  
the   sou rce   o f   t he   i n i t i a l ly   mo l t en   cond i t ion   o f   t he   Ea r th .  The p o t e n t i a l  
gravi ta t ional   energy  which i s  be ing   re leased   dur ing   the   condensa t ion   of  
an  object  of mass M and r ad ius  R i s  e q u a l   t o  

Latimer (Ref. 6) i nd ica t ed   t ha t   du r ing   t he   acc re t ion   o f   t he   Ea r th  from a 
cloud  of  dust   energy  must  have  been  released  on  the  order  of 4 l o 4  
J/gm of matter. Fesenkov  (Ref. 5) has   ca lcu la ted   accord ing   to   formula  
(1) t h a t  W f o r  a homogeneous sphere  with a mass and r a d i u s  of the  Earth 

i s  e q u a l   t o  W M 4 10 e rg .  The more c a r e f u l  estimate of Urey (Ref. 8) 
and Beck (Ref. 9) conducted   wi th   the   ca lcu la t ion   of   the   un i form  d is t r i -  

bu t ion   of   dens i ty   g ives  W w 2.5 - 10 e rg .  Verhoogen  (Ref. 7) i n d i c a t e s  39 

t h a t   t h i s   f i g u r e  i s  equ iva len t   t o   t he   emis s ion   o f  9000 cal/gm of h e a t . / l O l  
This i s  su f f i c i en t   fo r   t he   comple t e   me l t ing   o f   t he   en t i r e   Ea r th   wh ich ,  
as he   cons iders ,   has   t aken  place. Fesenkof   on   the   bas i s   o f   the   v i r ia l  
theorem  considers   that   half   of   the   energy  should  have  been  converted  into 

39 
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h e a t .  It i s  necessary   to   no te ,   however ,   tha t   th i s   theorem i s  i n a p p l i -  
cab le   i n   t he   ca se   o f   t he   p rec ip i t a t ion   o f   bod ie s   on  a hard   sur face .  

The l a rge   magn i tude   o f   t he   po ten t i a l   g rav i t a t iona l   ene rgy  s t i l l  
cannot   serve as any   k ind   o f   bas i s   fo r   t he   i n i t i a l ly   me l t ed   cond i t ion  of 
the   Ear th .   Actua l ly ,   dur ing   the   un ion  of t h e   p a r t i c l e s ,   t h i s   e n e r g y  i s  
pa r t i a l ly   conve r t ed   i n to   t he   i n t e rna l   ene rgy   o f   t he   subs t ance   i nc reas ing  
i t s  temperature and deformation and pa r t i a l ly   be ing   l o s t   t h rough   r ad ia -  
t i o n .  The portion  which  should go i n t o   t h e   i n c r e a s e  of  the  temperature 
i s  substant ia l ly   dependent   on  the  speed  of   accumulat ion and the  speed 
wi th   which   hea t   can   be   rad ia ted   in   space .  

The examinat ion  of   concrete  schemes of  the  process  of  accumulation 
l e d  V .  S .  Safronov  (Refs.  2, 3 ,  10) t o  the   deduct ion   tha t   the  enormous 
energy  which  the par t ic les ,  tha t   have   been   s t r ik ing   aga ins t   the   sur face  
bear   wi th  them, m u s t  be r a p i d l y   r e r a d i a t e d   i n   s p a c e .  Only  an i n s i g n i f i -  
can t   po r t ion  of  the  energy  went  for  heating  the  Earth.  

L a t e r ,  we s h a l l  show t h a t  a s igni f icant   por t ion   o f   the   energy  W 
should  have  been  expended  also  for  the  execution  of  only one e l a s t i c  
de fo rma t ion   o f   t he   s e l f -g rav i t a t ing   g lobe   o f   t he   Ea r th .   Ac tua l ly ,   t he  
e l a s t i c   e n e r g y  A€ of an  element  with a volume  of AV of a hard body 
cha rac t e r i zed  by t h e   e l a s t i c   m o d u l i  K ( t h e  modulus  of  compression)  and 
IJ- ( t h e  modulus  of r i g i d i t y )  i s  given by the  formula  (Landau  and  Lifshitz,  
Ref. 11) 

where Uik i s  the sum of   the components  of  the  tensor  deformation; is  

the  sum of   the  squares  of the components  of the   t ensor  and 6 = 3 .  I n  
the   ca se   o f   sphe r i ca l  symmetry U = 0 ( i  # k) ii 

i k  

where u i s  t h e   s h i f t   i n   t h e   r a d i a l   d i r e c t i o n .  The f u l l   i n n e r   e l a s t i c  
energy  of a homogeneous b a l l   w i t h  a r ad ius  R i s  determined  by  the  inte- 
g r a t i o n  of the   express ion   (2)   accord ing   to   the  volume: 

R 

v 0 
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The s h i f t  u i n  a g r a v i t a t i n g  elastic medium i s  determined as a solu-/102 
t i o n  of   the  equat ion  of   equi l ibr ium  of   the  e las t ic  medium 

4 

grad   d iv  2 - 

where E i s  Young's 
s p h e r i c a l  symmetry 

- 2a r o t   r o t  u = - pg 
4 4 (1 + a) (1 - 2a) 

2 (1 - a) E (1 - a) ¶ (5) 

modulus  and a i s  the   Po i s son   coe f f i c i en t .  By a 
f o r  a homogeneous sphere ,  we have 

grad   d iv  u = - 
r 

r o t  U = 0 ,  

Then (5) w i l l  be  reduced t o  the   equat ion  

E ( 1 - u  d 1 d (r2u)  r 

r (1 + a) ( 1  20) dr 2 d r  

A marginal   condi t ion w i l l  be the  absence of normal s t r a i n s  on the   sur face  
r = R: 

a E - - 
rr (1 + u) (1 - 2a) [(l - 0) 2; - +  2a '1 = 0 .  I r = R  

r 

The f i n a l   s o l u t i o n  when r = 0 has   the form 

1 - 2a) (1 + a) u = -  
gpR * ( 10E (1 - a) 

We estimate the   energy  E when a = 0.25: 
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E =4r [J ( :+p) { [  gpR E ( 0 . 2 5 2 - 0 . 1 8 3 ) ] 2 +  r L 

0 R 

2 
+ 2 [- 7.5 E r ( 2.2 - L ) ] 2 }  r 2 d r .  

R2 
(9) 

Assuming t h a t  K = 2 1 0 l 2  dynes/cm , 1-1 = 1 * 10l2  dynes/cm , E = 1.5  K ,  

g = 1000 cm/sec2, p = 5.5 gm/cm we o b t a i n  

2 2 

3 

E = 0.5 10 e rg .  39 
(10) 

This   energy  according  to  i t s  magnitude composes 1 /5  of t h e   f u l l  
g rav i t a t iona l   ene rgy   o f   t he   Ea r th ' s   sphe re .   Re la t ive   t o  what we have 
sa id ,   the   comple te   mel t ing   o f   the   Ear th   due   to   the  release of  gravi-/103 
t a t iona l   ene rgy  i s  on ly   s l i gh t ly   p robab le .  It i s  d i f f i c u l t   t o  release 
the   po ten t ia l   energy   used  up i n   t h e   e x e c u t i o n  of the  deformation  under 
g r a v i t a t i o n a l   a c t i o n .  It could  have  been  released  only  if   the  complete 
r e l a x a t i o n   o f   t h e  e l a s t i c  s t r a i n s  had occurred.  An i n s i g n i f i c a n t  re- 
l a x a t i o n ,  of  course,   could  have  taken place. This i s  undoubtedly 
a t t r i b u t e d   t o   t h e   t a n g e n t i a l   s t r a i n s   b u t   t o  a c e r t a i n   d e g r e e   t o   t h e  
normal s t r a i n s   a l s o .   I n   t h e   p r o c e s s  of the   re laxa t ion ,   hea t   should   have  
been  emit ted.  But t h i s   p r o c e s s  was slow. One can  pose  the  question 
concerning  the new source   o f   hea t   in   the   in te r ior   o f   the   Ear th   which  
arises as a r e s u l t   o f   t h e   r e l e a s e  l i t t l e  by l i t t l e  o f   t h e   e l a s t i c   e n e r g y  
i n   t h e   p r o c e s s   o f   t h e   e l a s t i c   s t r a i n s .   I n   t h e  a r t i c l e  "The Thermo-Elastic 
S t ra ins   Wi th in   the   Ear th ' s   Sphere   (Ref .   12)  w e  proved  that   the  release of 
on ly   the   energy   of   thermo-e las t ic   deformat ion   a r i s ing  due t o   t h e  uneven 
d i s t r i b u t i o n  of   temperature   in   the  Earth  can  guarantee  the  annual   emission 
of se i smic   energy   dur ing   the   ex is tence   o f   the   Ear th .  However, the 
q u a n t i t a t i v e   s o l u t i o n  of the  problem  concerning  this  source  of  heat i s  
complicated by the  absence  of   experimental   data   concerning  the  t imes of 
r e l a x a t i o n   i n   t h e   E a r t h .  

c)  The emission of e n e r g y   i n   g r a v i t a t i o n a l   d i f f e r e n t i a t i o n .  
Y e .  N .  Lyust ikh  (Ref .   13) ,  Urey (Ref. 8) and V.  A. Krat (Ref.  14)  calcu- 
lated  that   during  the  changeover  of  the  Earth  from a more o r   l e s s  
homogeneous s i l i ca te -meta l l ic   mix ture   in to   the   contemporary   Ear th   wi th  a 
nucleus  of  iron  which  has a more s t a b l e  s ta te  ( t h e  s ta te  of  equilibrium) 
a cer ta in   por t ion   o f   g rav i ta t iona l   energy   mus t   have   been   emi t ted .   This  
po r t ion   has   t u rned   ou t   t o   be   equa l   t o   t he   t ype   i n   t he   fo l lowing   equa t ion  
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1.5  erg  (Lyustikh) 

AW = { 2 erg  (urey)  
5 e r g  (Krat) 

Depending  on  the  figure 2 e r g  , Ringwood (Ref.  15)  concluded 
tha t   t he   emis s ion  o f   ene rgy   du r ing   t he   g rav i t a t iona l   d i f f e ren t i a t ion  was 
enough fo r   t he   pas sage  of the   Ear th ' s   sphere   th rough  the   mol ten  s ta te .  
Ringwood proposes   that   the   process   of   the  metal's i n t r o d u c t i o n   i n t o   t h e  
nucleus was c a t a s t r o p h i c  and w a s  executed by means of a convect ive 
cataclysm.  Lyustikh and f i a t  cons ider   tha t   the   emiss ion  of the  energy 
occur red   g radua l ly   du r ing   t he   l i f e   o f   t he   Ea r th .  

A s i m p l e  c a l c u l a t i o n  shows t h a t   t h i s   e n e r g y  was i n s u f f i c i e n t   f o r  
the  complete   mel t ing  of   the  Earth  even  i f  i t  were ins tan taneous ly   emi t ted .  
The gravi ta t iona l   energy   which  was uniformly  emit ted  throughout   the  ent i re  

have   ca l l ed   fo r   an   i nc rease   i n   t empera tu re   o f   t he   Ea r th ' s  
magnitude  of 

Earth would 
sphere on a 

Dw - (1.5 + 2.0) erq 
M a c  
" = 1900 + 2600' , 

6 loz7  0.3 

which i s  c lose   t o   t he   me l t ing   t empera tu re   i n   t he   uppe r   l aye r s  of the/ l04 
Ear th   bu t   s ign i f icant ly   lower   than   the   mel t ing   t empera ture   o f   the   sub-  
s t a n c e   i n   t h e   E a r t h ' s   c r u s t .   I f  you  consider   that   the   energy was emit ted 
on ly   i n   t he   nuc leus  of the  Earth,   then  the  temperature   of   the   nucleus 
could  have  been  raised  on a magnitude  of 

AW (1.5 + 2.0) 10 erg - = 6000 + 8000'. 
n 1 .9  . . 0.3 

38 

m c  
" 

This   could  have  been  ent i re ly   adequate   for   the  mel t ing of t he   Ea r th ' s  
nucleus.  Urey (Ref. 8) has   a l r eady   i nd ica t ed   t h i s .  However, t h e r e  is  
no s u i t a b l e   e x p l a n a t i o n  as t o  why the   energy   of   the   g rav i ta t iona l  
d i f f e r e n t i a t i o n   o c c u r r i n g   t h r o u g h o u t   t h e   e n t i r e   E a r t h   s h o u l d   h a v e   b e e n  
e m i t t e d   o n l y   i n   t h e   r e g i o n  of  the  nucleus.  The emission  of   energy,   a lso,  
should  have  occurred  throughout   the  ent i re   volume.   I f  i t  is  clear t h a t  
the  nu,=leus  of   the   Earth  consis ts   of   i ron,   then  the  change of g r a v i t a -  
t i ona l   ene rgy   du r ing   t he   sh i f t i ng   o f   t he   Ea r th ' s  masses i n t o  a p o s i t i o n  
more s u i t a b l e  from the  viewpoint   of   equi l ibr ium (as is  the  change  of  this 
energy   dur ing   the   decrease   o r   increase   o f   the   rad ius   o f   the   Ear th   under  
t h e   e f f e c t  of tempera ture)   should   be   t aken   in to   cons idera t ion   in   the  
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examination of the   thermal   evolu t ion  of the   Ear th .  Then i t  i s  necessary  
t o   t a k e   i n t o   c o n s i d e r a t i o n   t h a t   t h i s   p r o c e s s  w a s  not   instantaneous  and,  
i n  a rough  approximation,  one  can  consider  that   the  emission  of  heat 
occurred as i f  w i t h  a u n i f o r m l y   d i s t r i b u t e d   s o u r c e   w i t h   a n   i n t e n s i t y  
q = (A W/mt) cal/gm-sec,  where t i s  the   per iod  of t h e   e x i s t e n c e  of the 
p r o c e s s   o f   g r a v i t a t i o n a l   d i f f e r e n t i a t i o n ,  and m is the  mass o f   t ha t  
volume  where the   p rocess   occurs .  

w V 

m 
0 
I 

N . I O ~  BOHR MAGNETONS 

Fig.  3. The I n t e n s i t y  of the  Emission  of  Energy 
Dependent  on  the  Magnitude of the  Magnetic 

Moment of  the  Neutrino. 

d) The hypothesis   of   the   neutr ino.  Ya. B.  Zeldovich and Ya. A. 
Smorodinskiy  (Ref. 16)  ind ica ted   tha t   the   energy   dens i ty  of an  unobserved 
form (dens i ty   o f   neut r ino ,   g rav i ton ,   e tc . )   can   be   no t  less than  the 

dens i ty   o f  common matter gm/cm3 ( the   ave rage   dens i ty  of the  nucleons 
i n   t h e   u n i v e r s e )  . 

According  to  Bethe  (Ref.  17)  in   the   n i t rogen-carbon  cyc le   p rocess  
of the   Sun ,   neut r ino   par t ic les   should  be emit ted  during  the  decomposi t ion 

of N13 and O 1 5 .  Seven  percent of a l l  e n e r g y   l o s t  by the  Sun  should  occur 
from neu t r inos .  The f lux   o f   neu t r inos  from  the  Sun  should  have a va lue  

of 7.4 l o l o  neutr inos/cm  sec.  Cormak (Ref. 18) s ta ted   the   assumpt ion  
t h a t   i f   t h e   n e u t r i n o s  were to   possess   magnet ic  moments, they  should  have 
i n t e r a c t i o n   w i t h   t h e   e l e c t r o n s  of   the   meta l l ic   i ron   nuc leus   o f   the   Ear th  

2 
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through a k ind   o f   i ne l a s t i c   co l l i s ion .   The reby ,   he   eva lua ted   t he   i n t en -  
s i t y  of  the  energy  emission as i t  i s  dependent upon the  magnitude  / lo5 
of the  magnetic moments o f   t he   neu t r inos   (F ig .   3 ) .   Ce r t a in   i nves t iga to r s  

hold  that   the   upper  l i m i t  f o r  n has a magnitude of  no = 180 l o m 6  Bohr 

magnetons. I n   t h a t  way, t he   p robab i l i t y  of  the  peak  (on  the  curve - 
Fig .  3) va lue  of e n e r g y   i n  3 10  erg/gm - s e c  = 0.7 cal/gm -8 

sec i s  not   excluded.   This   energy,   which  corresponds  to   the  magnet ic  

moment and n = 8 * 10 Bohr  magnetons i s  not   excluded.  The hea t ing ,  
due to   t he   abso rp t ion   o f   neu t r inos   du r ing   t he   ex i s t ence  of   the  Earth  can,  
i n   t h i s  case, g ive  

-6 

Q t 0.7 10- l~  4.5 - lo9  3.15 10 7 
T =  - 

C 0.3 x 30O0 , 

i . e . ,  a p rac t i ca l ly   sma l l   va lue .  

e )  The emiss ion   o f   hea t   due   t o   t i da l   f r i c t ion .  The simple 
c a l c u l a t i o n  made by P.  P .  Cotov ( R e f .  19) showed tha t   the   change   in   the  
du ra t ion  of a day  within  the  l i fe t ime  of   the  Earth  f rom 4 hours   t o  24 
hours   leads  to   the  decrease  of   energy  of   rotat ion  f rom 107 * e r g  

t o  3 * 10 e rg .  The d i f f e r e n c e   i n   t h e   e n e r g i e s  i s  104 - 10  erg.  36  36 

During  the  departure  of  the Moon from  the  Earth,  13.5 - erg   should  

have  been  depleted. The remaining 9 * erg   should   have   been   in  some 
way absorbed  inside  the  Earth.   This   energy  has  a r a t i o   o f   5 : l  less than 
the  energy  of   radiogenic   or igin.   This  i s  the  energy  which i s  emi t ted  
du r ing   t he   l i f e t ime  of t he   Ea r th .   The re fo re ,   t he   con t r ibu t ion  of t h i s  
e f f e c t   i n   t h e   e n e r g e t i c   b a l a n c e  o f   t he   en t i r e   Ea r th ' s   sphe re  i s  i n s i g -  
n i f i c a n t .  Y e .  N .  Lyustikh  (Ref.  20)  and V .  A.  Magnitskiy  (Ref. 21) have 
ind ica t ed   t ha t   t he   dece le ra t ion  of t h e   E a r t h ' s   r o t a t i o n  i s  mainly  due  to 
t h e   t i d a l   f r i c t i o n   i n   t h e  seas. But a small p a r t  of th i s   energy   can  be 
absorbed by the  hard p a r t  of   the   Earth owing t o  i t s  d e v i a t i o n  from i d e a l  
e l a s t i c i t y .  This energy  undoubtedly i s  less than  the  energy  of   gravi-  
t a t i o n a l   d i f f e r e n t i a t i o n .  

The long- l ived   i so topes .   In   r ecen t   yea r s  much work has  been 
d e d i c a t e d   t o   t h e   d e t a i l e d   i n v e s t i g a t i o n   o f   t h e   r o l e   o f  U238, AcU235, 

Ta232, and K40 i n   t h e   t h e r m a l   e v o l u t i o n  of the  Earth  (Refs .   12,   15,  
22-32) . Unt i l  now, the   conten t  of r ad ioac t ive   e l emen t s   i n   t he   Ea r th ' s  
sphere appears t o  be  the  greatest   undetermined parameter i n   t h i s  problem. 
For i t s  de te rmina t ion   the  mean composition  of  the  Earth i s  usua l ly  
i d e n t i f i e d   w i t h   t h e  mean composi t ion  of   the  meteori tes .   Actual ly   Birch 
(Ref. 31)  and MacDonald (Refs.  28, 32), whose  works are based  on  the 
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semi-emperical equat ion   of  state f o r  matter i n   t h e   E a r t h ' s   c r u s t ,  come 
t o   t h e   c o n c l u s i o n   t h a t  by the  contents  and e las t ic  p rope r t i e s ,   t he  
composi t ion  of   the  crust   most   c losely  approximates   the  substance  of  
me teo r i t e s   o f   t he   chondr i t e   t ype .  Many authors   have   usua l ly   ident i f ied  
the  nucleus  of   the   Earth by i t s  composi t ion   wi th   i ron   meteor i tes  (Refs. 
7, 22) .  The l a t e s t  experiments  on  the  expansion of shock waves i n   r o c k  
formations  have  proved  to   be  in   greater   agreement   with  the  supposi t ion 
concern ing   the   i ron   nuc leus  and no t  s i l i ca t e  which i s  t r a n s f e r r e d   i n t o  
a metall ic phase  (Refs. 33 , 3 4 ) .  

I n   o u r   f i r s t   c a l c u l a t i o n s   o f   t h e   t h e r m i c   h i s t o r y  of the   Ear th  
(Ref. 25) , the  schemes  of  the s i l i c a t e  nucleus were inves t iga t ed  more 
frequent ly   than  the  schemes  of   the  i ron  nucleus.  Two extreme /106 
eva lua t ions  A and B have  been  dis t inguished  for   the mean concent ra t ion  
of rad ioac t ive   e lements   th roughout   the   en t i re   Ear th .   This   concent ra t ion  
i n   t h e   i n i t i a l   s t a g e s   o f   t h e  development  of  the  Earth was  cons idered   to  
be  uniform. Then t h e   r a t i o  of i r o n   t o   r o c k   m e t e o r i t e s  w a s  taken as 1 t o  
3 ,  which   co r re sponds   t o   t he   i ron   con ten t   i n   t he  volume of t h e   E a r t h ' s  
nucleus.  As a r e s u l t   ( R e f .  27) t he   va lue  C f o r   w h i c h   t h i s   r a t i o   e q u a l e d  
1 t o  7 was u t i l i z e d ,  which  corresponded  more  near ly   to   the  s i l icate  
composition of the  nucleus and to   t he   po r t ion   o f   i ron   wh ich  was s c a t t e r e d  
throughout  the volume  of t h e   E a r t h   i n   t h e  form of ox ides .  

+ ,cc' 

T . I O - ~  YEARS 

" 

__. 

NUCLEUS 

Fig .  4 .  ,The  Curves  of  the 
Generat ion of h e a t  by long-l ived 
i so topes .  The Cont inuous   l ine  i s  
the   va lue  A ' .  The d o t t e d   l i n e  i s  
A ,  the   b roken   l ine  i s  C and  the 
dash and d o t   l i n e  i s  C/2. 

f 2 3 !+ 5 
DEPTH, 103KM 

Fig .  5 .  The Scheme of  the Dis- 
t r i b u t i o n  of  Temperature i n   t h e  
Earth  with  an  I ron  Nucleus 
According  to   the  Calculat ion  of  
the  Energy of D i f f e r e n t i a t i o n  
( i n  O K ) .  
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According  to   data   f rom  the new method o f   d i scove r ing   t r aces  of 
r a d i o a c t i v i t y  by means o f   t h e   r a d i a t i o n   a c t i v a t i o n   a n a l y s i s ,  i t  i s  
e s t ab l i shed   t ha t   i n   t he   i ron   me teo r s   t he re   shou ld   be  a s i g n i f i c a n t l y  

smaller content   of  U238 and Th232 than was considered ear l ie r .  From these  
d a t a ,  i t  a l s o   f o l l o w s   t h a t  among our   eva lua t ions ,  A appears t o  be much 
more probable ,   but  i t  should  be made more e x a c t   i n   r e l a t i o n   w i t h   t h e   d a t a  
of t he   r ad ia t ion   ac t iva t ion   ana lys i s   on   i ron   me teo r i t e s .  

The content   of  U and Th in   rock   me teo r i t e s   acco rd ing   t o   t he  
eva lua t ion   of  A w a s  taken by  us t o  be   equal   to  1.3 - gm/gm U , 
3.9 gm/gm Th.  This was prac t ica l ly   conf i rmed by r e c e n t   d a t a  

(Ref.  35)  which  give 1.1 gm/gm U and 4 . 4  . gm/gm Th. By 

de f in ing   t he  new eva lua t ion  by A '  we sha l l   have  0.87 10 gm/gm U; 

3.5 * gm/gm Th and 8 gm/grn K. 

- 8  

The corresponding  generation  of  heat i s  shown i n   F i g .  4 .  As a 
comparison,  the  curves  of  the  generation  according  to  our  previous  values 
AC and a l so   t he   eva lua t ion   o f  C/2 u t i l i z e d  by B.  Yu. Levin and S .  V. 
Mayeva (Ref. 30) were o f fe red .  It i s  obvious  for   the  Earth  with  an /lo7 
i ron  nucleus,   the   curve  of   the  heat   emission  should be be low  the   resu l t s  
obtained ear l ier .  For a hea t   due   to   rad ioac t iv i ty ,   the   hea t   accumula t ion  
should  be less, and the   resu l t ing   t empera tures   should  be lower.  The 
t empera tu re   va r i a t ion  w a s  eva lua ted   for   the  model  of  the  Earth  containing 
an   i ron  core. However, i n   a d d i t i o n   t o   r a d i o a c t i v i t y   t h e   h e a t   e m i t t e d  
in   t he   p rocess   o f   g rav i t a t iona l   d i f f e ren t i a t ion   shou ld   have   been   cons id -  
e r e d   i n   t h e   c a l c u l a t i o n s .  

On the  basis   of   the   recent   paleomagnet ic   reduct ion  (Ref .  36) the  
magne t i c   f i e ld  of  the  Earth,   approximately  of  the same fo rce  as i t  i s  now, 
should  have  a l ready  exis ted 2 lo9  years  ago.  This means t h a t   t h e   f o r -  
mation of the  nucleus  must  have  been  concluded  before  this  period.  If  w e  

accept , as before ,   the   age  of   the  Earth  being  equal   to   4 .5  * 10 years  we 
consider  that   the  changeover  of  the.   Earth  with  the  formation of a n   i r o n  

nuc leus   occu r red   du r ing   t he   f i r s t  2.5  10 years .   During  this  time 
concent ra t ion   o f   the   rad ioac t ive   e lements   in   the   nuc leus   o f   the   Ear th  w a s  

reduced   to   zero  as fol lows from da ta   g iven   i n   t he  p a p e r  (Ref.  35).  During 

the  las t  2 - 10  years   the  temperature   of   the   nucleus  could  have  r isen  only 
wi th   t he   i n f lux  of hea t   ac ross  i t s  boundaries   f rom  internal   layers   of   the  
c r u s t .   I n   F i g .  5 the   t empera ture   curves   cor responding   to   the   descr ibed  
scheme are shown.  They g ive   the  minimum tempera tures   due   to   rad ioac t iv i ty .  
I f  we t a k e   i n t o   c o n s i d e r a t i o n   t h e   f a c t ,   t h a t   i n   t h e   p r o c e s s  of  formation 
o f   t he   nuc leus   du r ing   t he   f i r s t   2 .5   b i l l i on   yea r s ,   t he   emis s ion   o f   hea t  

9 

9 

9 
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i n   t h e   p r o c e s s   o f   g r a v i t a t i o n a l   d i f f e r e n t i a t i o n  of equa l   i n t ens i ty ,   has  
been  added to   t he   r ad ioac t ive   hea t   gene ra t ion   ( equa l ly   t h roughou t   t he  
Ear th) ,   then  T should   be   increased   to  20OO0C. We see t h a t  as a r e s u l t  
o f   the   in f lux   of   hea t   f rom  the   c rus t ,   the   t empera ture   o f   the   ex te rna l  
parts o f   t h e   n u c l e u s   i n   t h i s  new scheme could  reach  the  mel t ing  point .  
Thus, i t  i s  no t   ob l iga to ry   fo r   t he   exp lana t ion  of t he   ex te rna l   l i qu id  
nuc leus   t o   r e so r t   t o   t he   hypo thes i s  of t h e   i n i t i a l l y   m o l t e n  and slowly 
cool ing   Ear th  as did  Jacobs  (Ref. 37) and  Verhoogen  (Ref. 7) r e c e n t l y .  

From what we have s a i d ,  i t  fo l lows   t ha t   t he   evo lu t ion   o f   t he  
Earth was d i r e c t e d  toward a gradual   secular   hea t ing   under   the   e f fec t  of  
hea t   o f   s lowly   d i s in t eg ra t ing   r ad ioac t ive   e l emen t s  and possibly  of  the 
g r a v i t a t i o n a l   d i f f e r e n t i a t i o n   o f   t h e   E a r t h .  
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REVIEW OF CONTEMPORARY DATA CONCERNING THE MOON 

BY 

B.  Yu. Levin and Y e .  L .  Ruskol 

/ l o9  

This  review  includes  the  contemporary  data  concerning  the  motion 
of the  Moon, i t s  a tmosphere ,   photometr ic   charac te r i s t ics ,   sur face  temper-  
a t u r e  , nature   o f   the   sur face   l ayer  , r e l i e f  , o r i g i n   o f   t h e  Moon, i t s  thermal 
h i s t o r y  and i n t e r n a l   s t r u c t u r e .  

I .  The Orbi ta l   Motion,   Rotat ion  and  Librat ions 

1. The motion  of  the Moon about   the  Earth  which  takes   place  in  
t h e   f i r s t   a p p r o x i m a t i o n ,   a l o n g   a n   e l l i p t i c a l   o r b i t ,  i s  extremely  compli- 
cated.   This   complicat ion i s  explained by the enormous d is turbances  from 
the  Sun, a l a r g e  p a r t  of  which i s  connec ted   f i r s t   w i th   t he   p rox imi ty   o f  
the  Earth  (and  the Moon) t o   t h e  Sun  and  -second  with  the  comparatively 
great  remoteness  of  the Moon from the   Ear th   ( in   compar ison   wi th  sa te l l i t es  
of o ther   p lane ts )  . A t  the  sane time, the  proximity  of   the  Moon t o   t h e  
Ea r th   ( i n   compar i son   w i th   o the r   ce l e s t i a l   bod ie s )  p e r m i t s  a very   accura te  
observa t ion  of i t s  motion, and i n  an  accurate  theory  this  compels  the 
considerat ion  of   even small d i s turbances  from  Venus, Mars and J u p i t e r  and 
a l so   d i s tu rbances  coming  from the  oblate   shape  of   the  Earth.  

2 .  Due t o   t h e   f a c t   t h a t   t h e   p e r i o d   o f   a x i a l   r o t a t i o n  of  the Moon 
i s  equa l   t o   t he   pe r iod  of i t s  revolut ion  about   the  Earth,   approximately 
ha l f   o f   the   lunar   sur face  i s  observable   f rom  the  Earth.  However, the  
i n c l i n a t i o n  of t he   l una r   equa to r   t o   t he   p l ane   o f  i t s  o r b i t   c r e a t s   a n  
o p t i c a l   l i b r a t i o n   a l o n g   t h e   l a t i t u d e   p e r m i t t i n g  a view  of somewhat  more 
of  the Moon i n   t h e   r e g i o n s  of i t s  poles .  The uni form  ro ta t ion  of the  
Moon i n   c o n j u n c t i o n   w i t h   t h e   v a r y i n g   v e l o c i t y  of i t s  motion i n   o r b i t  from 
the  l a w  of areas (the  second l a w  o f   Kep le r )   c r ea t e s   an   op t i ca l   l i b ra t ion  
along  the  longi tude  enabl ing us t o   s e e  more of   the Moon i n  i t s  reg ions  
along  the east and west boundaries.  Because  of  the  powerful  /110 
pe r tu rba t ions  of  the Moon's orb i t ,   the   magni tude  of t he   l i b ra t ions   does  
not  remain  constant  but  changes somewhat. The maximum l i b r a t i o n   i n  
l a t i t u d e  i s  6O50' and the  maximum l i b r a t i o n   i n   l o n g i t u d e  is  7 O 5 4 ' .  Thus 
the   gene ra l   op t i ca l   l i b ra t ion   can   exceed  loo i n  rare cases .  
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Furthermore,   there  is  a l s o  a p a r a l l a c t i c   l i b r a t i o n .  By observing 
the Moon not  from  the  center  of  the  Earth  but  from i t s  s u r f a c e ,  and a l s o  
by observing i t  no t   wh i l e  i t  i s  a t  the   zen i th   bu t  a t  the  horizon,  w e  can,  
i n   a d d i t i o n ,  see more because   o f   the   da i ly   para l lax   (about  1"). 

A s  a r e s u l t  of these  reasons,   one  can  observe 59% of   the  surface 
of  the Moon, whi le   on ly  41$ of i t s  su r face  i s  constantly  turned  toward  the 
Ear th .  

Because of t h e   l i b r a t i o n ,   t h e   c e n t e r   o f   t h e   v i s i b l e   d i s c  of the 
Moon s h i f t s   a l o n g  i t s  su r face .  The s p e e d   o f   t h i s   s h i f t  i s  determined 
p r imar i ly  by t h e   s h i f t  of  the  observer.  This s h i f t  is r e l a t i v e ,  due t o  
t h e   d i u r n a l   r o t a t i o n  of the   Ear th ,  i . e . ,  by the  change of p a r a l l a c t i c  
l i b r a t i o n .  The diurnal   changes are such   t ha t   t he   speed   o f   t he   sh i f t  is  
a t  i t s  m a x i m u m  during  the  culminat ion  of   the Moon and i s  a t  i t s  minimum 
during i t s  r i s i n g   o r   s e t t i n g .   ( I n   a d d i t i o n ,   t h i s   s p e e d  i s  e s s e n t i a l l y  
dependent  on  the  lat i tudes  where  the  observer i s  loca ted  and t h e   i n c l i -  
na t ion  of  t h e  Moon.) 

3 .  The e q u a l i t y  of  the  periods  of  rotation and r e v o l u t i o n  of  the 
Moon i s  not   an   acc identa l   co inc idence   bu t  a s t a b l e  s t a t e  s t i p u l a t e d  by 
the  triaxial n a t u r e   o f   t h e   e l l i p s o i d  of l u n a r   i n e r t i a .   T h i s   s t a b l e   s t a t e  
was reached as a r e s u l t   o f  a gradual   braking of the  once  rapid axial 
r o t a t i o n   o f   t h e  Moon by mundane t i da l   fo rces .   The reby ,   i n   acco rdance  
w i t h   s t a b i l i t y   r e q u i r e m e n t s ,  a small ax i s   o f   t he   i ne r t i a   e l l i p so id   p roved  
t o  be d i r e c t e d  on Ea r th ,  i . e . ,  axis  along  which  the  contour  of  the Moon 
i s  most  elongated. 

4 .  The o p t i c a l   l i b r a t i o n   ( w i t h   t h e   e x c e p t i o n  of a small p a r t  
connec ted   wi th   the   da i ly   para l lax)   l eads   to   the   fac t   tha t   the   major  axis 
of the   lunar   contour  ( i . e . ,  the  small a x i s  of t h e   i n e r t i a   e l l i p s o i d )  
dec l ines  a t  times from  the  direction  toward  the  Earth and then   there  
appears a p a i r  of f o r c e s   s t r i v i n g   t o   r e t u r n   t h i s   a x i s   t o   t h e   r a d i u s  
v e c t o r .  As a r e s u l t ,  a c o n s t r a i n e d   p h y s i c a l   l i b r a t i o n   o c c u r s ,  i . e . ,  an 
a c t u a l   l u n a r   o s c i l l a t i o n  of  an  extremely small amplitude  (approximately 
2 ' ) .  Nevertheless  a s tudy  of p h y s i c a l   l i b r a t i o n  i s  o f   g r e a t   i n t e r e s t ,  
s i n c e  i t  enab le s   u s   t o   i den t i fy   t he   d i f f e rence   o f   t he   equa to r i a l   axes  
of  the Moon's e l l i p so id   o f   i ne r t i a .   Gene ra l ly   speak ing ,  a f r e e   l i b r a t i o n  
of  the Moon i s  a l so   poss ib l e ,   bu t  i t  i s  s o  small t h a t  i t  cannot be  observed. 

5 .  The exact   determinat ion  of   the  lunar   contour   f rom  opt ical  
observa t ions  is  v e r y   d i f f i c u l t .  The contour  of  the Moon is  d i s t o r t e d  by 
i r r e g u l a r i t i e s  a t  the  r i m  of   the  lunar   disc ,   which  vary  in   the  presence 
of d i f f e r e n t   l i b r a t i o n s ,  and the   de te rmina t ion   of   the   mos t   p robable / l l l  
curva ture   which   represents   the   lunar   d i sc ,   requi res   p ro longed   sys temat ic  
observa t ions .  A .  A .  Yakovkin  (Refs. 53, 54)  came to   t he   conc lus ion   t ha t  
the  contour  of  the Moon i s  asymmetrical. The v i s i b l e   c o n t o u r  of the  

.... .... .... ... ..,, , , , .. 
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northern  hemisphere  approaches a c i rc le ,  whereas  the  contour  of  the 
southern  hemisphere i s  b e t t e r   d e s c r i b e d  by a n  e l l i p se  with  the  major 
semiaxis   or iented a t  a small angle   toward   the   southern   po lar   ax is .  The 
dev ia t ion  of t h i s  e l l ipse  from a c i r c l e   ( e l l i p t i c i t y )  i s  approximately 
1:1300.  However, the   observa t ions  of t h e   l u n a r   p r o f i l e  by Vaymer (Ref. 
5) showed t h a t   t h e  smoothed contour   o f   the   lunar   d i sc   can   be   p resented  
as a c i r c l e ,  and that   the   conclusion  concerning  the asymmetry  of  the 
Moon's contour  has no b a s i s .  An indicat ion  of   another   type  of  asymmetry: 
a weak e l l i p t i c i t y  (1:1200) with   the   major   axes   inc l ina ted  a t  an  angle  
of 36O toward the   po la r  axis of the  Moon, w a s  obtained  from a s tudy  of 
a s ing le   obse rva t ion  of  the Moon dur ing  i t s  f u l l   s t a g e   [ P o t t e r   ( R e f .   3 1 ) ] .  

Evident ly   the   devia t ion   of   the  Moon's contour  from a c i rc le  is 
s p e c i f i e d  by i t s  r e l i e f  and is n o t   r e l a t e d   t o  i t s  dynamic shape. 

Baldwin  (Ref.   57)  uti l izing  determinations by Frantz  and  Saunder 
of the  heights   of   points   on  the  lunar   surface and wh i l e   i nves t iga t ing  
separate points   located  on  the  cont inents  and seas ,   found  tha t   the  
average   l eve l  of the seas i s  by 1 .5  km lower  than  the  level  of  the 
cont inents  and tha t   t he   p ro tube rance   d i r ec t ed  toward the  Earth  has  an 
a l t i t u d e   o f  2 km. However, t h i s   r e s u l t  i s  very   inaccura te .  

A s  a r e s u l t   o f  low accuracy of previous  measurements  on  old 
hypsometr ic   char ts   of   the  Moon [Frantz   (Ref .  6 9 ) ,  Rit te r  (Ref.  103) , 
Schrutka-Rechtenstamm  and Hopmann (Ref .   l05) ] ,   the   i sohyps   t raverse  
the seas and con t inen t s ,   w i thou t   expos ing   t he   s eas   i n   t he   capac i ty  of 
depress ions  and t h e   c o n t i n e n t s   i n   t h e   c a p a c i t y  of protuberances  [see 
a l s o  Du-Fresne,  (Ref.  65)].  This  appears  only  on  the new hypsometric 
char t   o f   the  Moon 
which i s  based on 
the   e leva t ions  as 
the   lunar   contour  

6 .  It has 

which w a s  recent ly   publ i shed  by Baldwin  (Ref.  58) and 
his   personal   measurements   of   the   e levat ions.  However, 
such  and  the  general  data  obtained  from them concerning 
have  not as yet   been  publ ished.  

been  proven  for a long t i m e  t h a t   t h e  dynamic contour 
of  the Moon, i . e . ,  i t s  e l l i p s o i d   o f   i n e r t i a   d o e s   n o t   c o r r e s p o n d   t o   t h e  
hydros t a t i c   equ i l ib r ium a t  the  present   character   of  i t s  motion. The 
theory   o f   the  Moon's motion, makes i t  p o s s i b l e   f o r   u s   t o   f i n d ,   w i t h   g r e a t  

accu racy ,   t he   r e l a t ion  - - A ( A ,  B y  C are the  moments o f   i n e r t i a   i n  

r e l a t i o n   t o   t h e  main axes), a c c o r d i n g   t o   t h e   i n c l i n a t i o n  of  the  lunar 
equator  toward  the e l l i p t i c .  

C 

" - A - 0.00063, C 

which i s  17 times grea te r   than   the   equi l ibr ium  va lue   (0 .0000375) .  The 
observations  of  the  amplitude  of  the Moon's p h y s i c a l   v i b r a t i o n  p e r m i t s  us 
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t o   f i n d   t h e   r e l a t i o n s h i p  B-B but   wi th  l i t t l e  accuracy. We o b t a i n / l l 2  C 

- = 0.00012 + 0.00020 B - A  
C 

in s t ead  of the  equilibrium  value  0.0000281. The d i f f e r e n c e   i n   t h e  
e q u a t o r i a l   a x i s   o f   i n e r t i a  i s  seve ra l   t imes   l e s s   t han   t he   d i f f e rence  of 
the   po lar  and equa to r i a l   ax i s ;  as i n   t h e   c a s e  of t h e   t i d a l  ra ise ,  these  
d i f fe rences   should   be   a lmost   ident ica l  a t  any  distance  between  the Moon 
and the   Ea r th ,   s ince   du r ing   t he   hydros t a t i c   equ i l ib r ium and the   equa l i ty  

of the  per iods as w e l l  as r o t a t i o n s  are always - - A = - The b a s i c  

devia t ion   of   the  dynamic contour  of  the Moon from  the  equilibrium i s  i t s  
oblate   nature   on  which  only a small e longa t ion   a long   t he   d i r ec t ion   t o  
the   Ear th  is  superimposed. 

B - A  3 '  

I f   t h e  Moon had a homogeneous dens i ty ,   t hen   t he   d i f f e rence  of i t s  
ax i s  of i n e r t i a  would s ign i fy   t ha t   t he   po la r   d i ame te r  i s  approximately 
2 km less than   the   equator ia l   d iameter   and   tha t   the   d i f fe rence   in   the  
equa to r i a l   d i ame te r s  i s  about 0 .3  km. Thereby   there   should   ex is t   in   the  
center   of   the  Moon, s t r e s s e s  of about 20 km/cm2, which i s  only   poss ib le  
in   t he   p re sence  of a l u n a r   r i g i d  s t a t e  of m a t t e r .  However, accord ing   to  
present   concepts ,   the   cen t ra l  parts of  the Moon should  be  heated, and 
not   molten,   then  in   any case they would  be sof tened  and the re fo re   i n -  
capable   of   withstanding similar stresses over a per iod   of   severa l   mi l l ion  
years .   Therefore   Urey,   Elzasser ,  and Rochester  (Ref.  114) have  considered 
a model of the Moon, i n  which  the stresses a t  the   cen te r   equa l l ed   ze ro  
and the   obse rved   t r i ax ia l   na tu re  of   the   e l l ipso id  of i n e r t i a  is  caused by 
a v a r y i n g   d i s t r i b u t i o n   o f   d e n s i t y   a l o n g   v a r i o u s   r a d i i .  (The dens i ty  i s  
a t  i t s  m a x i m u m  a long   the   po lar   ax is  and a t  i t s  minimum i n   t h e   d i r e c t i o n  
towards  the  Earth.)  Thus,  the  absence  of stresses i n   t h e   c e n t e r  i s  
a c h i e v e d   i n   t h i s  model  by  means of   the   in t roduct ion  of s u c h   s t r e s s e s   i n t o  
t h e   s h e l l ,   f o r  which i t  i s  e a s i e r   t o  a d m i t  a s o l i d   s t a t e .  

I n   t h e   f u t u r e ,   s t u d i e s  on the mass d i s t r i b u t i o n  of  the Moon w i l l  
be  accomplished by  means o f   obse rva t ions   f rom  aboa rd   a r t i f i c i a l   l una r  
s a t e l l i t e s .  

11. The Atmosphere 

7 .  Because  of  the Moon's small mass, t he   fo rce   o f   g rav i ty  on i t s  
su r face  i s  6 times less than  on  the  Earth (gMoon = ' 165 gEarth = 162 cm/ 

s e c  ) .  Also of a correspondingly  lower  magnitude i s  t h e   v e l o c i t y  of 
escape,   or   according  to   rocket   terminology  the  second  cosmic  veloci ty  

2 
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(urn = 2.38 km/sec) . This   ve loc i ty  i s  less than  5 times g rea t e r   t han  
the  mean quadra t ic   ve loc i ty   o f   the   molecules   o f  common atmospheric  gases 
and  hence  the  condi t ion  necessary  for   the  exis tence  of  a s u f f i c i e n t l y  /113 
stable   a tmosphere is  n o t   f u l f i l l e d .   T h e r e f o r e ,   t h e  Moon i s  p r a c t i c a l l y  
deprived  of  an  atmosphere. 

8. The absence  of  any  perceptible  atmosphere.on  the Moon i s  
apparent i n  the  blackness   of  shadows  and the   sharpness  of a l l  d e t a i l s .  
This i s  a l so   ev iden t   i n   t he   absence   o f   t he  phenomena of r e f r a c t i o n   i n   t h e  
occu l t a t ion   o f  stars by the  Moon, t h i s  i s  most  apparent  during  obser- 
va t ions   o f   the   po in ts  a t  the  narrow  s ickle   of   the  Moon (about new Moon). 
A t  t h i s  t i m e  the   condi t ions   o f   i l lumina t ion  are such   tha t   even  a r a r e f i e d  
atmosphere  should  have  given a p e r c e p t i b l e   s c a t t e r e d   l i g h t .  The absence 
of t h i s   l i g h t  showed tha t   t he   dens i ty  of  the  atmosphere  near  the  surface 

of  the Moon i s  a t  least  l o 9  less than   the   dens i ty  of the  atmosphere a t  the 
surface  of   the  Earth  [Dollfus   (Ref .  6 3 ) ] .  

9.  If C ,  N ,  0, H were p resen t   i n   t he   l una r   a tmosphe re   i n  a 
su f f i c i en t   quan t i ty ,   t hen   t he   f l o re scence  of n e u t r a l  and ionized  molecules,  

p r imar i ly  CO+ and N " might  be  observed. The absence  of  the similar 

fluarescence shows that  the  quantity  of  the  molecules  which are capable  of 

f l uo resc ing  i s  less t h a n   t o  10 / c m  , which a t  a n   a l t i t u d e  of l o 7  c m  

of  the homogeneous a tmosphere   means ,   tha t   the i r   dens i ty   near   the   sur face  

i s  less than lo6  t o  10 cm [Urey  (Ref.  113)]. 

2 

14 -2  

7 -3 

10.  The extremely  raref ied  lunar   a tmosphere  should be p a r t i a l l y  
ionized,and  therefore  i t s  presence  can be s tud ied  by observat ions  during 
a period when the Moon i s  located  between  the  Earth and the  cosmic  sources 
of radio  emission.   Observat ions of o c c u l t a t i o n  of  the  Cancer  nebulae were 
conducted i n  1956  by  Elsemore  (Ref.  68) a t  a wavelength  of  3.7 meters. 
These  gave  the  deviation of the   observed   dura t ion   of   occul ta t ion  from the  
t h e o r e t i c a l  a t  0.4  f 0.26  minute .   I f  you cons ide r   t ha t   t he   dev ia t ion  i s  
a c t u a l ,   t h i s   i n d i c a t e d   t h e   c o n c e n t r a t i o n   o f   e l e c t r o n s  a t  the   su r f ace  of 

the  Moon to   be  lo3  ~ m - ~ .  Since  molecules  should be i o n i z e d ,   t h i s  

cor responds   to  a d e n s i t y  of  the  molecules lo6 t o  10 cm , i .e.  , 10 
times less than  the  densi ty   of   the   near   Earth  a tmosphere.  

7 -3 12 

Nevertheless ,   the   contemporary  data   concerning  the r a t e  of   the 
gas loss by the  Moon compels  us t o   doub t   t ha t   t he  Moon has  even a r a r e f i e d  
atmosphere. 

11. It w a s  once  considered  that   the Moon could  possess  an  atmos- 
phere of  heavy i n e r t  gases  - krypton  and  xenon  formed  during  radioactive 
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processes  and  under  the  effect   of  cosmic  rays.  As Urey ( R e f .  113) i n d i -  
c a t e d ,   i n   t h e   c o n d i t i o n s  when t h e   l a y e r  of d i ss ipa t ion   (exosphere)  is  
s i u t a t e d  a t  a c o n s i d e r a b l e   a l t i t u d e  from  the  surface  and i s  ve ry   ho t ,  
even  these  gases are q u i c k l y   l o s t .  But when the   exosphere   ad jo ins   the  
s u r f a c e ,  and  has as i n   t h e  l as t  case a comparatively low temperature ,  
the   d i ss ipa t ion   cont inues   s lowly  and the re  i s  a p o s s i b i l i t y   f o r   t h e  

existence  of  an  atmosphere  with a dens i ty   no t   g rea t e r   t han  10  atoms 

p e r  1 cm . 
8 

3 

However, t h e   c a l c u l a t i o n   o f   t h e   i o n i z i n g   a c t i v i t i e s   o f   u l t r a -  
v i o l e t   s o l a r   r a d i a t i o n  which was conducted by  Opik  and Singer  (Ref.  gg), 
has shown t h a t   t h e   r e p e l l i n g   e f f e c t  of  the  posit ively  charged  lunar  /114 
s u r f a c e  on the   ion ized  atoms of  krypton and  xenon a c c e l e r a t e s   t h i s  
process   to   such a degree   tha t   the   per iod  of semi-decomposition and the 
rarefied  krypton-xenon  atmosphere i s  on  the  order  of l o3  years .  The 
unpublished  data by these  authors  which was quoted  by  Watson,  Murray and 
Brown (Ref.  115)  give  the  period of photodissociat i .on and the loss of 
water vapors   in   the  a tmosphere of t he  Moon as being  of a magnitude  on 
the  order  of one day. 

1 2 .  The most e f f e c t i v e  mechanism  which  removes the  lunar  atmos- 
phere is  e v i d e n t l y   t h e   s o l a r  wind crea ted  by a p ro ton   f l ux ,  which t r a v e l s  
wi th  a ve loc i ty   o f   about  l o8  cm/sec. A t  a dens i ty   o f   the   f lux   o f  102 
protons/cm3,  the  period  of  semi-decomposition  of  the  atmosphere i s  on the 
order  of  one  day  [Harring and Licht   (Ref .  7 7 ,  78) 1 .  

A t  the  same t i m e ,  t h e   r a i n  of  the  proton  f luxes  on t o  the Moon 
l eads   t o   t he   ex i s t ence  of a constant   a tmosphere  consis t ing of n e u t r a l  
hydrogen  with a d e n s i t y  of about lo5 atorns/cm3. 

13.  The d ischarge  of gases   in   the  Alphonsus  crater   observed by 
N .  A.  Kozyrev  (Ref. 20) shows t h a t   t h e r e  s t i l l  takes   place  the  process   of  
d e g a s i f i c a t i o n   o f   t h e   l u n a r   i n t e r i o r ,  i . e . ,  the  process  of  discharge  of 
t hose   vo la t i l e   subs t ances  which  went in to   the   composi t ion   o f   the  Moon 
dur ing  i t s  formation  and  which  have  basical ly   a l ready  been  discharged  for  
the  most part  3-4 b i l l i on   yea r s   ago   du r ing   t he  t i m e  of  the maximum hea t ing  
of   the   in te r ior .   Accord ing   to   the   spec t ra l   photometr ic   inves t iga t ion  by 
A .  Kalinyak  (Ref. 16 ) ,  t h e   r a d i a t i o n  band photographed by Kozyrev 
apparent ly   belongs  to   the  molecule  C f luoresc ing   under   the   ac t ion  of 
s o l a r   r a d i a t i o n   j u s t  as i t  occurs  in  the  heads  of  comets.   Although  the 
unique  observat ion of  Kozyrev gives  no means  of judging  the  frequency 
and the  abundance  of  such  discharges,  i t  i s  poss ib l e   t o   doub t   t he   f ac t  
t ha t   i n   t he   p re sence   o f   so l a r   w ind ,   t hey  are a b l e   t o   c r e a t e  a lunar  
atmosphere  with a densi ty   of   even lo6 t o  l o 7  par t ic les /cm3.  

2 



133 

14. It was cons idered   un t i l   recent ly   tha t   the   absence   o f   lunar  
atmosphere made the   ex i s t ence   o f   i ce  on i ts  surface  impossible .   This  i s  
undoubtedly   t rue   for   the  par t s  of t he   su r f ace   i l l umina ted  by the  Sun 
where ice can exis t  only a t  a c e r t a i n   d e p t h   i n   t h e  form  of  an  "eternal 
f rozen  state",  pro tec ted  by a b lanket  of d u s t .  However, a c c o r d i n g   t o  
Watson,  Murray  and Brown (Ref. 115), t h e r e   e x i s t  places on  the Moon 
which  have  never  been  illuminated by the  Sun,  where  there i s  a p o s s i b i l i t y  
of  unprotected ice accumulations. I n  the   l una r   po la r   r eg ions ,   t he  
mountain  slopes  turned  toward  the  poles are never   i l luminated by the  Sun, 
and the re fo re   t hese  are "cold traps" wi th  a temperature  of  about 120'K. 
A t  such a low temperature,   the  melting  of  the ice occurs  extremely  slowly, 
and  on the   o the r  hand   the   accumula t ion   of   i ce   depos i t s   in   such  traps can 
occur   s ince  a pe rcep t ib l e   po r t ion   o f   t he  water vapors   emi t ted   in   any  
spo t .on   t he   l una r   su r f ace   shou ld   f a l l   i n to   t hese   " co ld  traps" pr ior   to /115  
being "blown o f f "  by the   so la r   wind .   S ince  we observe  the Moon from the  
same d i r e c t i o n   a l o n g  which  the Sun s h i n e s   d u r i n g   t h e   f u l l  Moon, t hese  
cold traps a re   no t   access ib l e   fo r   obse rva t ion  from the   Ear th .  

The c a l c u l a t i o n s  by  Watson,  Murray  and Brown r e q u i r e  a r e v i s i o n ,  
s ince   t he   i l l umina t ion  of the "traps" by l i g h t   r e f l e c t e d  from the 
surrounding  mountain summits and o the r   i l l umina ted   a r eas  of   the   sur face ,  
as w e l l  as meteor ic   e ros ion ,  are no t   t aken   i n to   cons ide ra t ion .  

111. Photometric  Data 

15 .   Dur ing   the   fu l l  Moon, the  lunar   disc   has   an  a lmost   uniform 
b r i g h t n e s s   ( i f  you disregard  the  spots   caused by the  presence of regions 
wi th  a v a r y i n g   r e f l e c t i n g   c a p a b i l i t y )  , i . e .  , i t  does   no t   d i sp lay  a 
systematic  darkening  toward  the  edge. Under such  condi t ions  of  illumi- 
na t ion ,   t he  smooth sphere shows sharp  drops  in   br ightness   toward  the 
border   o f   the   d i sc .  A s  Gal i leo   no ted   in   h i s   "Dia logues"   concern ing   the  
two systems  of  the  universe,   "the  uniform  brightness of t h e   f u l l  Moon 
i n d i c a t e s   t h e   f a c t   t h a t  i t  has  an  extremely "rough" su r face .  Along i t s  
border as w e l l  as abou t   t he   cen te r   o f   t he   d i sc ,   t he   v i s ib l e   b r igh tness  i s  
c rea ted   by  a l a r g e  number of elements  from  the  surface.  These  elements 
are e q u a l l y   d i v e r s e l y   o r i e n t e d   i n   r e l a t i o n   t o   t h e   s o l a r   r a y s   w h i c h  are 
i l l umina t ing  them. 

The uniform  br ightness  of t h e   f u l l  Moon t o  which  Gal i leo  turned 
h i s   a t t e n t i o n  was only  comparat ively  recent ly   supported by photometric 
measurements [A. V. Markov (Refs.   25,   26).  

16 .   Approximate ly   dur ing   the   fu l l  Moon, the   b r ightness   o f   the  
luna r   su r f ace  is  a t  i t s  m a x i m u m  [ N .  P .  Barabashev  (Ref.  59)]. It decreases  
r ap id ly   w i th   t he   i nc rease  of the  phase  angle ( i .e. ,  the  angles  between 
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the  bearings  toward  the Sun  and  toward  the  Earth),  and  then  the  decrease 
slows down [ V .  V. Sharonov  (Refs .   48 ,   49) ] .   This   ind ica tes   the   fac t   tha t  
t he   su r f ace  is  not  simply  rough,  but  deeply  "eroded". On i t  t h e r e   e x i s t s  
numerous depressions  or  gaps  between  the  block masses o r   d u s t  par t ic les  
(concerning  the  dimensions  of  which i t  i s  impossible   to   judge  on  the 
basis   of   one set  of   photometr ic   data) .  A t  such a proximi ty   o f   the   d i rec-  
t i o n  of i l l u m i n a t i o n  and  observation,  which  occurs  during a f u l l  Moon, 
the shadows are p r a c t i c a l l y   i n v i s i b l e ,   b u t   t h e y  become v i s i b l e  a t  the 
s l i g h t e s t   v a r i a t i o n  of t h e s e   d i r e c t i o n s ,  and th i s   dec reases   t he   ove ra l l  
br ightness   of   the   surface.  

The presence  of a sha rp   i l l umina t ion  maximum d u r i n g   t h e   f u l l  Moon 
i s  observed a t  a l l  l u n a r   f o r m a t i o n s   i n   s p i t e   o f   t h e   d i v e r s i t y  of t h e i r  
s t r u c t u r e  and r e f l e c t i n g   c h a r a c t e r i s t i c s .  These are thereby  independent 
o f   t he   pos i t i on  of t h e s e   o b j e c t s  on the   l una r   d i sc :  a t  the  bottom  of  the 
c r a t e r s ,  by the seas, on c o n t i n e n t a l  areas, and n e a r   c r a t e r   r a y s .   I n   t h e  
case  of  the l a t t e r ,  t he  m a x i m u m  l tminos i ty  i s  p a r t i c u l a r l y   s h a r p  [ V .  A .  
Fedorets  (Ref.  44) , Van D i g g e l e n   ( R e f .   6 2 ) ] .   T h i s   t e s t i f i e s   t o   t h e   f a c t  
t ha t   t he   mic ro re l i e f   o f   t he   l una r   su r f ace  i s  similar throughout.   The/ll6 
s i m i l a r i t y   w i t h   t h e   p h o t o m e t r i c   c h a r a c t e r i s t i c s   o f   t h e   l u n a r   s u r f a c e  i s  
d isp layed  by  models  of s u r f a c e s ,  65 t o  75% of  which are  covered  with 
holes,   the  depth  of  which i s  g rea t e r   t han   t he i r   d i ame te r   ( sphe r i ca l  
depress ions ,  as w e l l  as spherical   protuberances  do  not  give  any  comparison.)  
It i s  in t e re s t ing   t o   no te   t ha t   t he   bes t   co inc idence   w i th   t he   pho tomet r i c  
curve  of   the  lunar   surface i s  given by a curve   for   l i chen   (Cladonia  
Rangi fer ina) .   This   g raphica l ly   a t tes t s   to   the   ex t reme  roughness  of the 
lunar   sur f   ace .  

1 7 .  The g rea t   b r igh tness   o f   t he  Moon, p a r t i c u l a r l y  under  obser- 
va t ions   w i th  a t e l e s c o p e ,   c r e a t e s  a deceptive  impression  of i t s  whiteness .  
( In   the  p a s t  t h i s   h a s   l e d   t o   f a l a c i o u s   i d e a s   t h a t   t h e  Moon i s  covered 
w i t h   i c e   o r  snow.  This  contradicts  the  dominating  physical   conditions 
of the Moon.) Indeed,   the  Moon r e f l e c t s   o n l y  7% o f   t h e   l i g h t   f a l l i n g  on 
i t .  The albedo  of  the Moon's su r f ace   i n   t he   op t i ca l   r ange  amounts t o  
0 .05-0.09  for   the  dark  planes  (seas)  , 0 .1  f o r   t h e   c o n t i n e n t a l  areas , and 
0.17-0.18  for   the  br ightest   formations  such  as   the  rays   of   the   craters  
or   the   bo t tom  of   the   c ra te r   Ar is ta rchus .  The limits of  the  change  of 
albedo on the   oppos i te   s ide   o f   the  Moon do n o t   d i f f e r   a p p r e c i a b l y  from 
the   co r re spond ing   va lues   fo r   t he   v i s ib l e  p a r t  o f   the   sur face  [A.  V .  
Markov (Ref. 27) 1 .  Thus ,   t he   r e f l ec t ive   capab i l i t y   o f   t he   l una r   su r f ace  
is  very low; i . e . ,  t he  Moon i s  almost  black. 

In   t he   r ad io   f r equency   r ange ,   i n   t he  1 cm waveband,  the  surface of 
the  Moon a l so   has  a low albedo,  about 0.07 [Hughes (Ref .   79) ] .  

18. The photometr ic   invest igat ions  of   the   lunar   surface  were 
encumbered by the   c i rcumstance   tha t   for   any   de ta i l   the   angle   o f   observa t ion  
changes  owing t o   t h e   l i b r a t i o n  of t he  Moon, but  only  within  narrow l imits.  
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The ang le   o f   i l l umina t ion  of   the  detai l   changes  within  wide limits wi th  
changes i n   l u n a r   p h a s e .  As Minnaert  (Ref. 93) a l r eady   i nd ica t ed ,  20 
yea r s   a so ,   t he   app l i ca t ion  of the   p r inc ip le   o f   the   mutua l   subs t i tu t ion  
of angular  al ignments  of  the  i l lumination  and  observation  can  prove  to 
be a subs t an t i a l   he lp .   Unfo r tuna te ly ,   t h i s   p r inc ip l e  i s  l i t t l e  u t i l i z e d  
fo r   t he   pho tomet r i c   i nves t iga t ions   o f   t he  Moon [ N .  P .  Barabashev  and 
V. I. Yezersky  (Refs. 3 , 4) 3 . 

1 9 .   I n  s p i t e  o f   t h e   s i g n i f i c a n t   d i s t i n c t i o n s   i n   b r i g h t n e s s   o f  
t he   i nd iv idua l  areas of   the Moon's sur face ,   co lor   d i f fe rences   on  i t  are 
prac t ica l ly   non-exis ten t   [L .  N. Radlova  (Refs.  33,  34), V. V.  Sharonov 
(Ref. 5 0 ) ] .  The l igh t -co lor   d iagrams  for   the  Moon's s u r f a c e  are not  
similar t o  analogous  diagrams  for a l l  known models fo r   t he   Ea r th  [ N .  N .  
Sytinskaya  (Ref.  4 0 ) ]  s i n c e   t h e  limits of the  changes  of  the  albedo and 
the   ind ica tors   o f   co lor   for   the   Ear th ' s   format ions  are s i g n i f i c a n t l y  
wider   than  those  for   lunar   objects .   Apparent ly   this   monochromatic  
cond i t ion  i s  caused  by  the  influence  of  external  cosmic  factors  on  the 
Moon's sur face   (meteor   e ros ion ,   the   in f luence   o f   corpuscular   f luxes  and 
cosmic r a y s ) .  /117 

Luminescence  of  the  features  on  the Moon's sur face   under   the   ac t ion  
of u l t r a v i o l e t  and c o r p u s c u l a r   s o l a r   r a d i a t i o n  i s  t h e o r e t i c a l l y   p o s s i b l e ,  
but  a t  p re sen t ,  i t  can  not  be  considered as be ing   conclus ive ly   es tab l i shed  
a l though   ce r t a in   obse rva t ion   da t a  i s  avai lable   [Dubois   (Ref .   64) ,  
N. A .  Kozyrev  (Ref.  19) I .  

20. The l i g h t   r e f l e c t e d  by the  Moon's su r f ace  i s  p a r t i a l l y  
po la r i zed .  The measurement  of  the  magnitude  of  polarization  [Lyot  (Ref. 
89,   Dollfus  (Ref.   63)]  has shown t h a t  i t s  maximum occurs  a t  the f 90° 
phases of the Moon, i . e .  , a b o u t   t h e   f i r s t  and l a s t  q u a r t e r s .  For  the  dark 
areas ( s e a s )   t h i s  maximum amounts t o  12-16$  and f o r   t h e   b r i g h t e s t   a r e a s  
( the  inner  par ts  of t he   b r igh t   c r a t e r s )   abou t  5$. Furthermore,   the  plane 
of p o l a r i z a t i o n  i s  pa ra l l e l   t o   t he   equa to r  of i n t e n s i t y   ( " p o s i t i v e "  
polar iza t ion) .   Dur ing   the  0' p h a s e   ( f u l l  Moon), po lar iza t ion   does   no t  
occur;  and during  the  phases  from 0 t o  23O the   p lane   o f   po lar iza t ion  i s  
p e r p e n d i c u l a r   t o   t h e   e q u a t o r   o f   i n t e n s i t y ,   i . e . ,   t h e   p o l a r i z a t i o n  i s  

negative"  with  the  extreme  value  of  about 1'. It i s  p o s s i b l e   t h a t   t h e  
"negat ive"  polar izat ion  is"exp1ained by the   r epea ted   r e f l ec t ions  from 
d i v e r s e l y   o r i e n t e d  areas [Ohman (Ref. 96) ] . 
'I 

The obse rva t ions   i n   t he   b lue  and i n   t h e   n e a r b y   u l t r a v i o l e t   r e g i o n s  
of   the spectrum have shown g r e a t l y   i n c r e a s e d   p o l a r i z a t i o n   o f   l u n a r   l i g h t  
i n  them [Gehrels  (Ref.  71)]. 

Labora tory   measurements   o f   the   po lar iza t ion   of   l igh t   re f lec ted  by 
Earth  formations  [Lyot  (Ref.   89),   Dollfus  (Ref.   63)]  have shown t h a t   t h e  
b e s t   s i m i l a r i t y   w i t h   t h e   c u r v e   o f   p o l a r i z a t i o n   f o r   t h e  Moon (and i n   b o t h  
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a q u a l i t a t i v e  and q u a n t i t a t i v e   r e l a t i o n s h i p )  i s  given by cu rves   fo r   da rk  
volcanic   ash .  

I V .  Radio  Location Data 

21.  If, r e l a t i v e   t o   r a d i o   w a v e s ,   t h e  Moon were "white"  and s o  
rough  regarding  l ight   waves,   then a l l  parts of i t s  d i s c  would s t r o n g l y  
r e f l e c t   r a d i o  waves  toward the   Ear th .  The d i f fe rence   be tween  the   d i s tances  
to   t he   cen te r  and to   t he   bo rde r s   o f   t he   d i sc   ( equa l   t o   t he   r ad ius   o f   t he  
Moon R) would l e a d   t o  a d u r a t i o n  o f   t he   r e f l ec t ed   s igna l  of to = 2R/c 
= 11.6   mi l l i seconds .  However, i n   t h e   f i r s t   e x p e r i m e n t s  on the   rad io  
loca t ion   of   the  Moon, t he   du ra t ion   o f   t he   echo   s igna l  w a s  equal   to   about  
1 microsecond; i . e . ,  i t  was found   t ha t   r e f l ec t ion   occu r s   on ly  from  the 
c e n t r a l  p a r t  o f   the   d i sc   wi th  a diameter  of  about  one  third  the  general  
diameter.  Such a d u r a t i o n  of   echo  s ignal  w a s  observed  with  wavelengths 
of  2.5 meters [Evans  (Ref.  671,  1.6 meters [Trexler   (Ref .  1 1 2 ) ]  and 
10.5 cent imeters  [Japlee and o thers   (Ref .  SO)]. This  shows t h a t   r e l a t i v e  
t o   r a d i o  waves,  even  those  of 1 dec imeter ,   the   sur face   o f   the  Moon appears 
t o  be  quasi-smooth and g ives   an   a lmos t   mi r ro r - l i ke   r e f l ec t ion .   Th i s  
r e su l t   ag rees   w i th   t he   hypo thes i s   t ha t   t he   su r f ace   cons i s t s  of /118 
small p a r t i c l e s  which  resemble  sand  [Grant  and  Japlee  (Ref.  75)]  because 
i n   t h e   c o n d i t i o n s  on Earth  during  the  locat ion  of   dry  sandy  deser ts   f rom 
the a i r ,  a m i r r o r - l i k e   r e f l e c t i o n  i s  observed, i . e . ,  a b r i g h t   s p o t  
exac t ly   unde r   t he   r ad io   l oca to r .   Th i s   cha rac t e r i s t i c   o f   t he  Moon of 
g iv ing  a "mi r ro r "   r e f l ec t ion   has   been   u t i l i zed   fo r   i n t e rcon t inen ta l   r ad io  
t ransmiss ions .  

The ana lys i s   o f   t he   echo   s igna l  showed t h a t   a f t e r   t h e   a r r i v a l   o f   t h e  
r e f l e c t i o n  from the   cen t r a l   h igh - l igh t ,   wh ich   has   t he   g rea t e s t   ampl i tude  
(usua l ly   s eve ra l  times g r e a t e r   t h a n   t h e   n o i s e   l e v e l  from  the  l imb),   there 
f a l l   o n   r e f l e c t i o n s  f rom  the   s ide   h igh- l igh ts   which   in te r fe re   wi th  one 
another.   These  high-lights  are  formed by the   non-hor izonta l   sur face  
areas which are p e r p e n d i c u l a r   t o   t h e   l i n e  of v i s i o n  and thus  give a 
m i r r o r - l i k e   r e f l e c t i o n   t o   t h e   E a r t h .  The dimensions  of   the  region from 
which   the   s ide   h igh- l igh ts  come show t h a t   t h e r e  i s  a cons iderable  number 
o f   s ec t ions   on   t he   l una r   su r f ace   w i th   i nc l ina t ions  up t o  5' t o   t he  
ho r i zon ta l ,   bu t   on ly  a small por t ion   o f   the   sur face   has  a high  degree  of 
p i tch .   This   por t ion  i s  s o  small t h a t   t h e   r e f l e c t i o n s  from  these  areas 
are o f t e n   l o s t  among the   no i se s .  The a p p l i c a t i o n  of the  present  computers 
of   ca lcu la t ion   has   permi t ted   the   separa t ing  of s ignals   which  are  much 
weaker  than  the  noise.   This made i t  p o s s i b l e   t o   r e c e i v e   t h e   e n t i r e   e c h o  
from  the Moon wi th  a d u r a t i o n  of 11 .6   microseconds   [Pe t tengi l l   (Ref .  30)]. 
An analysis   of   the   curve  of   dependence  of   force  of   the  ref lected  s ignal-  
the   angular   d i s tance   f rom  the   cen ter  of t h e   d i s c ,  showed tha t   a long   w i th  
the   "mi r ro r "   r e f l ec t ion ,  from the  series of   l a rge  areas, the   lunar   sur face  
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a l s o   g i v e s  a d i f f u s e   s c a t t e r i n g   o f   r a d i o  waves. The cu rve   cons i s t s   o f  
two parts: a t  f i r s t   s h a r p l y   f a l l i n g   a c c o r d i n g   t o   t h e  l a w  of  exponents 
(-10.5 s i n  A ) ,  where A i s  the  angle   between  the  incident   ray  and  ver t ical  
a t  the   po in t   o f   inc idence   o r   the   hor izonta l   d i s tance  from the c n t e r   o f  
t he   d i sc ;  and a more gen t ly   s lop ing  p a r t  decreas ing  as (cos A) 372 . The 
cha rac t e r  of the   en t i re   curve   can  be explained on the   suppos i t i on   t ha t  
92% of the   su r f ace  of t he  Moon is  made  up of  "smooth" area, covered by 
pa r t i c l e s   w i th   d imens ions  less than  the  length  of   the  radio  waves,  and 
85 is  made up of "rough" parts wi th   de t a i l s   l a rge r   t han   t he   wave leng ths .  
The "smooth" p a r t  i s  mainly seas and the  "rough" par t s  are rocky areas. 

22. The t i m e  o f   a r r i v a l  of   the  ref lected  s ignals ,   measured  with 
extremely  high  accuracy  (one  tenth  of  a mil l isecond)  , gives  us  the 
d i s t ance  from t h e   d i s c ' s   c e n t e r   o f   t h a t   c i r c l e  where   the   re f lec t ing  area 
i s  located.  Simultaneously,   the  doppler  measurement  of  wavelength  which 

i s  d i s t ingu i shed  , up t o  a magnitude of 2 lo-'' , from  the  wavelength, 
p e r m i t s  to   the   observer  a very   accura te   es tab l i shment  on the  surface  of  
the   p lane ts  a l ine   wi th   even   depar ture   ve loc i ty   o r   approach   ve loc i ty .  
The i n t e r s e c t i o n   o f   t h i s   l i n e   w i t h   t h e   c i r c l e s   g i v e s   t h e   l o c a t i o n  of two 
symmetrical areas r e l a t i v e   t o   t h e   e q u a t o r  from  which the   g iven   s igna l  i s  
obta ined .  The energy   of   the   s igna l  and the  degree of i t s  p o l a r i z a t i o n  
g ive   in format ion   concern ing   the   re f lec t ive   sur face .  A t  p re sen t ,   t he  
r ad io   l oca t ion   t opograph ic   cha r t   o f   t he  Moon wi th  a de ta i led   /119  
r e s o l u t i o n  of up t o  100 k i lome te r s   [Pe t t eng i l l   (Re f .  l o o ) ]  has  been 
drawn up a c c o r d i n g   t o   t h i s   p r i n c i p l e .  It i s  t r u e   t h a t  on t h i s   c h a r t ,   t h e  
l u n a r   d i s c  appears i s  i f   " f o l d e d   i n   h a l f "   a l o n g   t h e   e q u a t o r .  The 
a c q u i s i t i o n  of similar cha r t s   unde r   va r ious   l i b ra t ions  of t h e  Moon w i l l  
c e r t a i n l y  p e r m i t  t he   cons t ruc t ion  of a f u l l   ( n o t   f o l d e d   i n   h a l f )   r a d i o  
l o c a t i o n   c h a r t  o f   the   lunar   d i sc .  

The r a d i o   l o c a t i o n  method  has   g rea t   poss ib i l i t i es   s ince   there  i s  
almost no l i m i t  t o  i t s  r e s o l u t i o n   c a p a c i t y   d u r i n g   t h e   i n c r e a s e   i n  power 
of   the   loca tors .  The r e s o l v i n g   c a p a b i l i t y  of  the time f requency   ana lys i s  
i s  not  dependent upon t h e   d i s t a n c e   t o   t h e   o b j e c t ;   t h e r e f o r e  , i t s  advan- 
t ages   shou ld   be   d i sc losed   pa r t i cu la r ly   du r ing   t he   s tudy  of  remote  planets.  

V .  The Temperature  of  the  Surface 

23. The radiometr ic   observat ions  have shown t h a t   t h e  temperature 
of   the   sur face   o f   the  Moon rises to   approximate ly  + 100 t o  12OoC i n   t h e  
Sun  and f a l l s   t o  - 15OoC and  even  lower in   the   un l igh ted   (n ight )   hemis-  
p h e r e   [ P e t t i t  and Nicholson  (Ref.   102)].  

1.P 
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The d i s t r i b u t i o n  of  temperature  along  the Moon's d i s c   d u r i n g   f u l l  
Moon i s  such   tha t   the   i so therms appear  t o  be   concent r ic   c i rc les .   This  
i n d i c a t e s   t h e   f a c t   t h a t   t h e   t e m p e r a t u r e   v e r y   r a p i d l y   r e a c h e s   a n   e q u i -  
l ib r ium  va lue   cor responding   to   the   g iven   he ight   o f   the  Sun  above  the 
horizon.  Hence, the  conduct ion  of   heat   of   the   surface  layer   which 
determines  the  outward  f low  of   heat   deep  within,  i s  very  small. This i s  
a l s o   i n d i c a t e d  by the   absolu te   va lue   o f   the   t empera ture   in   the   Sun .   This  
va lue  i s  v e r y   c l o s e   t o   t h e   e q u i l i b r i u m   f o r  a surface  which i s  p r a c t i c a l l y  
non-conductive  of  heat.  The sur face   g ives   o f f  a l l  o f   the   rece ived   hea t  
i n   t h e  form  of   radiat ion.  

24. The measurement  of  the  temperature  of  the  surface  area  (close 
to   the   border   o f   the   d i sc)   dur ing   the   lunar   ec l ipse   in  1927 showed a very  
sharp  decline  during  the  penumbral  eclipse  which  corresponds  to  the 
s p e c i f i c   e c l i p s e   o f   t h e  Sun f o r   t h e   s t u d i e d   a r e a  of  the Moon's su r f ace .  
Within  the time of   passage  of   the  Earth 's  shadow th rough   t h i s   a r ea ,  i t s  
tempera ture   d ropped   very   l i t t l e ,  and then  with  the  convergence of 
penumbral a r r i v a l  i t  rap id ly   rose   to   the   p rev ious   va lue  [ P e t t i t  and 
Nicholson  (Ref .   102)] .   During  the  ecl ipse  in   1939,   with a more p rec i se  
technique P e t t i t  measured  the  temperature a t  the  point   near   the  center  
of   the   lunar   d i sc .  The curve  of  the  change  of  temperature was found t o  
be similar t o   t h e   c u r v e   i n  1927 [ P e t t i t  (Ref .   lOl ) ] .  

According  to  the  data  concerning  the  temperature  change  with  lunar 
phase,  a t  t h e   s u r f a c e   i d e a l i z e d   i n   t h e  form  of a planar  semi-space  they 

usua l ly   ge t  a numerical   value  of  the  magnitude (k c p) , where k i s  
t h e   h e a t   t r a n s f e r ,  c i s  t h e   h e a t   c a p a c i t y ,  and p i s  the   dens i ty  of  the1120 
upper area of   the   lunar   sur face .   S ince   th i s   va lue   p roves   to   be   very  
large  (about  1000) , then when p = 2.0  and c = 0.2  (as   with  rocks on 
E a r t h ) ,   t h e   h e a t   t r a n s f e r  k proves  to  be excep t iona l ly  low,  on  the  order 

of 2 * [Wesselink  (Ref.   116)].  Such a low h e a t   t r a n s f e r  w a s  not  
obse rved   i n  any  of the known t e r r e s t r i a l   s p e c i m e n s ,  some of  which  were 
except iona l ly   porous .  Only t h e   h e a t   t r a n s f e r  of  powders i n  a vacuum 
approach  this  value  [Smolukhovskiy  (Ref.  111) 1 .  

-112 

A low v a l u e   f o r   t h e   d i e l e c t r i c   c o n s t a n t   o f   t h e   l u n a r   s u r f a c e  was 
obta ined  from radio   observa t ions .   This  i m p l i e s  a low d e n s i t y   f o r   t h e  

su r face   l aye r  of 0 .4  - 0.5  gm/cm , i . e .  , much lower  than  that   of  Earth 's  
formation [A.  E .  Salomonovich  (Ref. 37) I .  S i n c e   t h e   s u r f a c e   l a y e r   i t s e l f  
c o n s i s t s  of d u s t ,  i t s  d e n s i t y  must  be excep t iona l ly   l oose .  Such a su r face  
area s t r u c t u r e   e x p l a i n s  i t s  low hea t   t r ans fe r :   t he  small d u s t  p a r t i c l e s  
i n   t h e  vacuum t r a n s f e r   h e a t   o n l y   a c r o s s  small a reas   o f   the   contac t   o f  
i n d i v i d u a l   p a r t i c l e s .  

3 

The thickness   of   the   surface  layer   that   has  low hea t   conduct iv i ty  
i s  not   the  same i n   v a r i o u s   r e g i o n s  of the  Moon. Measurements of the  
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thermal  flux  which i s  emit ted by the Moon dur ing  a l u n a r   e c l i p s e  show 
tha t   t he   t empera tu res   i n   va r ious   spo t s   f a l l   uneven ly .  Craters wi th   rays  
(young formations)  cool  off  more s lowly  than  the  regions  surrounding 
them. S in ton   (Ref .   38) ,   dur ing   the  ecl ipse of  September 5, 1960, 
measured  the  f lux  of  heat on a wavelength  8.0-9.5 CL along  the  chord 
c ross ing   the  Tycho c r a t e r   ( t h e   c e n t e r  of the   l a rges t   ray   sys tem) .   Dur ing  
the   ec l ipse ,   the   t empera ture   in   the   c ra te r   remained  30-40° h igher   than  
the   sur rounding   reg ions .   This   resu l t   can   be   expla ined  by the  assumption 
that   the   bot tom  of   the Tycho crater i s  o n l y   p a r t i a l l y   c o v e r e d  by a d u s t  
l aye r  and t h a t   i n   c e r t a i n   s p o t s  on the  surface  rocks  emerge. (By 
c a l c u l a t i o n ,  89% i s  a dus t   l aye r  and 11$ i s  rock.)   Sol id   rock  formations 
possessing a h ighe r   hea t   t r ans fe r   du r ing   t he  ecl ipse c o n t i n u e   t o   r a d i a t e  
t he   hea t  coming  from the  deeper   layers .   Another   explanat ion amounts t o  
the   f ac t   t ha t   t he   t h i ckness   o f   t he   dus t   l aye r   w i th in   t he   c r a t e r  must  be 
about   0 .3  mm, and much th icker   ou ts ide  i t .  The o r ig in   o f   t he   dus t  
b lanket   apparent ly  is  connected  with  the bombardment  of the   lunar   sur face  
wi th   me teo r i t e s .  The f a c t   t h a t   t h i s   b l a n k e t  i s  so  t h i n  i s  i n  agreement 
w i t h   t h e   r e l a t i v e l y  young  age  of the Tycho c r a t e r .  

Analogous r e s u l t s  were  obtained by Saari  and Shor th i l l   (Re f .  104) 
for   the   c ra te rs   Copern icus ,   Ar is ta rchus ,  and Kepler ,  as we l l  as Tycho. 

Evident ly ,  a model  of the non-homogenous l u n a r   s u r f a c e ,  which 
would be pa r t i a l ly   cove red  by a layer   o f   dus t  of varying  thickness  and 
p a r t i a l l y  by pro t ruding   so l id   rock   format ions ,  i s  c l o s e   t o   a c t u a l i t y .  
Such a model  would agree  with  the  data   concerning  the  surface  temperatures  
much be t te r   than   the   s ing le   l ayer   o r   the   so l id   double   l ayer   model .  

25. I n  recent  years,   measurements  of  the Moon's s p e c i f i c  /121 
thermal  radiation  have  been  conducted. The depth   pene t ra t ion   o f   e lec t ro-  
magnetic waves i s  two to   t h ree  times grea te r   than   the i r   wavelength ;  
rad io   emiss ion  from d i f f e ren t   l aye r s   benea th   t he  Moon's su r f ace  i s  the re -  
fore  measured  during  observations  on  various  wavelengths.  

The observat ions  of   radio  emission  give  the  br ightness   temperature ,  
i . e . ,  the temperature of  the  dark body r a d i a t i n g   w i t h   t h e  same i n t e n s i t y  
i n   t h e  area of the  spectrum  which i s  under   s tudy.   In   the  dark  body,   the 
br ightness   temperature   coincides   with  the  t rue  temperature .  Thanks t o  
t h e   f a c t   t h a t   t h e  Moon, in   the   rad io   f requency   range  as i n   t h e   v i s i b l e  
region,   possesses  a very small r e f l e c t i v e   c a p a c i t y   f o r   t h e   c e n t e r  of the  
l u n a r   d i s c   ( i n  a d i r e c t i o n  which i s  normal t o   t h e   s u r f a c e ) ,   t h e   b r i g h t n e s s  
temperature   exceeds  the  t rue  temperature  by only 2 t o  3$. However, s i n c e  
t h e   r e f l e c t i v i t y   i n c r e a s e s   i n   t h e   c a s e  o f   an   i nc l ined   d i r ec t ion ,   t he  
brightness  temperatures  drop a t  the  border  of t h e   l u n a r   d i s c .   I n   o t h e r  
words,   the  form  of  the  brightness  temperature  isotherms  usually  in  the 
c a p a c i t y   o f   r a d i o   o b s e r v a t i o n   r e s u l t s ,   d i f f e r   e s s e n t i a l l y  from  the  form 
of   the   t rue   i so therms.  
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The measurement ot radio  emission  on  wavelengths  from 75 cm t o  
10 cm o r i g i n a t i n g  a t  depths  which  exceed  the  wavelength  approximately 
on  the  order   of   one,   indicated  that   the   temperature   there   remains  a lmost  
cons t an t ,   du r ing  a l l  lunar   days and equals  230'K [ N .  L. Kaydanovskiy, 
M. T .  Turusbekov, S . E .  Khaikin  (Ref. 15) and  Seeger  (Ref.  106) ] . This 
t e m p e r a t u r e   s t a b i l i t y  a t  a small depth i s  more independent  proof  of  the 
very  small hea t   conduct iv i ty   o f   the   sur face   l ayer .  

On wavelengths less than  3 cm, o r i g i n a t i n g  a t  depths  up t o   h a l f  
a meter ,  a change in   t empera tu re   r e l a t ive   t o   t he   l una r   phase   has   been  
observed,  whereby  these  changes  increase  with  decrease  of  wavelengths 
[M.  R. Zel inskaya,  V .  S. T r o i t s k i y ,  and L .  I. Fedoseyeva  (Ref.  14); 
N .  A. Amenitskiy, R .  I. Noskova,  and A .  Y e .  Salomonovich  (Ref. l ) ] .  On 
a wavelength  of  1.5 mm, the   t empera ture   f luc tua t ions  are c l o s e   t o   t h o s e  
which are obse rved   i n   t he   i n f r a red   r eg ion   [S in ton   (Ref .   l og ) ] .  On a 
wavelength  of  1.5 mm, as w e l l  as in   t he   i n f r a red   r ays ,   t he   t empera tu re  
maximum of t h e   c e n t r a l  parts of t h e   d i s c  appears dur ing  a f u l l  Moon, and 
on  wavelengths  of  12  to 16 mm, the maximum i s  delayed by approximately 3 
days; i . e . ,  i t  occurs   during a p h a s e   s h i f t  of 35 t o  40'. 

26 .   Because   o f   the   fac t   tha t   the   ax is   o f   ro ta t ion  of the Moon 
i s  a lmost   perpendicular   to   the   p lane   o f   the   ec l ip t ic ,   the   po lar   reg ions  
of  the Moon are always less heated by the  Sun.  Therefore,  a t  such  depth 
where  the  temperature  remains  constant,   the l a t t e r  should  decl ine  sub-  
s t a n t i a l l y  from the  equator  toward  the  poles.   Observations  with  large 
r ad io   t e l e scopes  on u l t r a   s h o r t   w a v e s ,  when the  dimensions  of  the  antenna 
beam widths are less than  the  dimensions  of   the  lunar   disc ,  make i t  
poss ib le   to   measure   the   t empera ture   d i s t r ibu t ion   a long   the   lunar   d i sc .  
The shape  of  the  isotherms,  obtained a t  a wavelength  of 8 mm, /122 
confirmed  the  decrease  of t empera tu re  toward  the  poles. 

Near the  equator ,   the   temperature  i s  approximately -4O'C a t  a 
depth  where  the  temperature i s  cons tan t .  Near the   po les ,   the   t empera ture  
might  drop by 100 t o  200'. A similar l a t i t u d i n a l  change  of  the 
"s ta t ionary"   t empera ture   o f   the   sur face   l ayer   should  be  accompanied by a 
corresponding  change  of   temperature   dis t r ibut ion  a long  the Moon's r ad ius  
from the  equator  toward  the  poles.  

V I .  The S t r u c t u r e  of the  Surface  Layer  (Micro  Relief)  

2 7 .  Due to  the  absence  of  an  atmosphere on the Moon, a l l  of   the 
meteoric  par t ic les  down t o   t h e  smallest dus t   specks ,   reach  and erode  the 
sur face   wi thout   encounter ing  any o b s t a c l e s ,   c r e a t i n g  a l a y e r  which i s  
known as t h e   d u s t   l a y e r .   I n   t h e  terrestrial  condi t ions  a dus t   subs tance  
i s  f r i ab le .   Th i s  may be  explained by t h e   f a c t   t h a t   d u s t   p a r t i c l e s   i n  
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the  a i r  are always  covered  with a f i l m  of adsorbed  molecules.   This 
f i l m  impedes the   con tac t  and  adherence  of   the  dust   par t ic les   with  each 
o t h e r .   I n  a vacuum, when the  adsorbed  f i lm i s  absent  , adherence 
(agglomera t ion)   o f   the   dus t   par t ic les   occurs .  

The r e t u r n  of d u s t   p a r t i c l e s   t o   t h e   l u n a r   s u r f a c e  , a f t e r   t hey   have  
been  thrown upward during  explosions  of  meteoric  particles  which  impacted 
the  Moon, l e a d s ,  as a r e su l t   o f   t h i s   adhe rence ,   t o   t he   fo rma t ion  of ex- 
t r eme ly   f r i ab le ,   po rous   s t ruc tu res .  These s t ruc tures   should   cover   no t  
on ly   ho r i zon ta l   s ec t ions   o f   t he   l una r   su r f ace ,   bu t   a l so   s lopes .  

Because  of  the  high  speed  with  which  meteors  str ike  the  lunar 
s u r f a c e ,   t h e r e   o c c u r s   i n   a d d i t i o n   t o   t h e   g r a n u l a t i o n  and s c a t t e r i n g  of 
the par t ic le  matter as w e l l  as t h e   s u r f a c e   i t s e l f ,   a l s o  a vapor i za t ion  
of a c e r t a i n  p a r t  o f   t h i s  matter. The condensation  of atoms and molecules 
which   pene t ra te   in to   c rev ices   be tween  the   dus t   par t ic les   increases   the  
s t r e n g t h  of   adherence  of   the  par t ic les ,  and i n   a d d i t i o n ,  i t  i m p a r t s  t o  
the   sur face  a b l ack   co lo r ,  which i s  c h a r a c t e r i s t i c  of   porous,   hetero-  
genous  substances  in   which  diverse   molecules  are mixed unsys temat ica l ly .  
Such a p o r o u s ,   b r i t t l e   l a y e r ,  formed  under  the  effect  of meteoric   impacts ,  
c a r r i e s   i n   f a c t   t h o s e   c h a r a c t e r i s t i c s  which were d isc losed  by observat ions:  
extremely low hea t   t r ans fe r ,   t he   co r ruga t ion  of   the   micro   re l ie f  and 
blackness  [ N .  N .  Syt inskaya  (Refs .  3 9 ,  4 1 ,   4 2 )  and F. Whipple  (Ref. 117)  1 .  

It should  be  added  that   the   micro  re l ief   of   the   lunar   surface is  
def ined  as a c h a r a c t e r i s t i c  of s t r u c t u r e s ,  which a r e  formed during  the 
e j e c t i o n  and  adherence  of   dust   par t ic les ,  as w e l l  as by inden ta t ions  and 
small c ra te rs ,   c rea ted   dur ing   meteor ic   impacts  and du r ing   an   e j ec t ion  of 
large  f ragments .  (The l a t t e r  are capable  of c rea t ing   no t   on ly   indenta t ions  
bu t   a l so  mounds.) 

2 8 .  The speed  of  the  meteoric  impacts i s  s o   g r e a t   t h a t   t h e  mass 
of   the   pu lver ized   subs tance   o f   the   sur face   i t se l f  i s  tens  and  hundreds of 
times g rea t e r   t han   t he  mass of p a r t i c l e s  which  impacted.  Therefore,  the 
ex te rna l   po rous   l aye r   cons i s t s   p r imar i ly ,   no t  of meteor ic  matter, / 1 2 3  
but  of  the  pulverized  lunar matter. As  a r e s u l t ,   i n   t h e   r e f l e c t i v e  
a b i l i t y  of var ious  areas of   the  lunar   surface,   ( for   example,   the  “seas“ 
and t h e   “ c o n t i n e n t s “ )   t h e   d i f f e r e n c e   i n   t h e   o p t i c a l   c h a r a c t e r i s t i c s   o f  
the  rock  formations  which make  up these  areas i s  d i sc losed .   Th i s   a l so  
shows tha t   t he   subs t ance  i s  u s u a l l y   n o t   s c a t t e r e d  a t  g r e a t   d i s t a n c e s .  

Af te r   the   format ion   of   the   l ayer   o f   percept ib le   th ickness ,   the  
fur ther   impacts   o f  small par t ic les  a f f e c t   o n l y   t h i s   l a y e r  and only  the 
more inf requent  impac t s  of   large  bodies   break up the  matter beneath i t .  
Thereby,  the  speed  of  the  thickness  growth in   t he   po rous   l aye r   g radua l ly  
slows down and i t s  contents   (of   meteoric  matter) inc reases .  The increase  
i n   t h i c k n e s s   i n   t h e   l a y e r   c a n   c o m p l e t e l y  cease i n   t h e  case of   nega t ive  
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o v e r - a l l  mass balance.   This   can  take place dur ing  a s u f f i c i e n t   q u a n t i t y  
of  high  speed i m p a c t s  during  which a s i g n i f i c a n t  p a r t  of t he  matter which 
i s  scat tered  acquires   speeds  exceeding  the  escape  veloci ty   (2 .4   km/sec)  
and i s  l o s t  by t h e  Moon. I n   t h i s   c a s e ,   q u a s i - e q u i l i b r i u m  i s  reached 
during  which  the ra te  of loss of matter by the  Moon i s  s t a t i s t i c a l l y   e q u a l  
t o   t h e  ra te  o f   d e s t r u c t i o n  of the  underlying matter over a per iod of t i m e  
[Whipple  (Ref. 1 1 7 ) l .  A t  p resent ,   the   scarc i ty   o f   in format ion   concern ing  
the   quan t i ty  and  speeds  of  meteoric  impacts and concerning  the  processes  
of   explosion  and  crater   formation  does  not   permit   the   evaluat ion  of   the 
charac te r   o f   the  mass balance o r  the   th ickness   o f   the   quas i -equi l ibr ia1  
conver ted   l ayers  a t  va r ious   cond i t ions .  An i n d i r e c t   p r o p e r t y   i n d i c a t i n g  
t h e   e x t r e m e l y   s i g n i f i c a n t   r o l e  of  the  meteoric  erosion  of  the  lunar 
su r face  is  the  smoothed  out   nature   of   the   ref l ief  of a n c i e n t   l u n a r   c r a t e r s .  
Since  the  discussion  concerns  the  differences  not iceable   in  medium s i z e d  
te lescopes,   erosion  should  have  destroyed  layers   with a thickness   of  
hundreds of meters   o r   even   grea te r  [Gold  (Ref. 7 3 ) ] .  This i s  in   acco rd -  
ance  with  the m a x i m u m  eva lua t ions   o f  space d e n s i t y  of matter i n   m e t e o r s .  
However, the  hypothesis  of  Gold according  to  which a l l  o f   t h i s   dus t  w a s  
accumulated  in   the  lunar   depressions  forming  layers   with a thickness  of 
hundreds  of meters is  not   confirmed  (see  Sect ion 3 6 ) ,  and t h e r e f o r e  i t  
i s  ex t remely   p robable   tha t   the   over -a l l  mass balance i s  negat ive .  

Since  the Moon i s  bombarded not  only by small d u s t   p a r t i c l e s   b u t  
a l s o  by l a r g e   m e t e o r i t e s ,  and even by a s t e r o i d s  and t h e   n u c l e i  of  comets, 
the  thickness  of  the  porous  converted  layer  should be ex t r eme ly   i r r egu la r .  
As  was a l r eady   s a id   i n   Sec t ion   24 ,   t he   f l oo r s   o f  young c r a t e r s ,   s u c h  as 
Tycho, Copernicus,  Kep le r  and Ar i s t a rchus ,  i s  covered  with a layer   about  
0 . 3  mm th i ck .   P robab ly   anc ien t   cave rns   ex i s t   w i th   an   e spec ia l ly   g rea t  
thickness  of porous matter. 

The accumulation of dus t   par t ic les   in   the   caverns   could   have  
occurred due to   lunar   quakes  breaking down t h e   f r a g i l e   d u s t   s t r u c t u r e s  
and s h i f t i n g  them downward along  the  s lope.  It i s  a l so   poss ib l e   / 124  
tha t   t he re  are two mechanisms p a r t i c i p a t i n g .   T h i s  was proposed by Gold 
( see   Sec t ion  3 6 ) .  Although  they are n o t   a b l e   t o   e x p l a i n   t h e   s h i f t  of 
d u s t   p a r t i c l e s ,  a t  hundreds  of  kilometers,  as i s  necessary by h is   hypoth-  
es i s ,  i t  i s  poss ib l e   t ha t   t hey  are su i t ab le   fo r   compara t ive ly  small 
d i s t ances  . 

29. The absence  of  an  atmosphere  on  the Moon a l s o   l e a d s   t o   t h e  
bombardment of i t s  su r face  b:! so l a r   co rpuscu la r   f l uxes .  The mass of 
matter brought by these   f l uxes  as comparable  with  the  influx  of  meteoric 
mat te r  and may even  exceed i t  (1O1O protons/cm2  sec  or 2 - gm/crn2 
sec) .   This   does  not   create   an  accumulat ion  of  matter on  the  surface  of 
the Moon since  hydrogen i s  r ap id ly   d i spe r sed .  On t h e   c o n t r a r y ,   t h i s  
creates a sur face   d i spers ion   ana logous   to   the   ca thode   d i spers ion   s ince  
the  energy  of   the  protons amounts t o  lo4  t o  lo5 e l e c t r o n   v o l t s .  A t  such 
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grea t   energy ,   the   d i spers ion   process   cont inues   ex t remely   in tens ive ly  and 
can   p lay  a r o l e  which i s  no less s ign i f i can t   t han   t ha t   o f   t he   me teo r i c  
e ros ion .  The high  speeds  being  acquired by a s i g n i f i c a n t  p a r t  of  the 
d ispersed  matter c a n   c r e a t e  a nega t ive   ove r -a l l  mass ba lance ,  and the  
remaining  molecules  and  grains  while  sett l ing on the   sur face   should  
i m p a r t  t o  i t  a dark  color   ( together   with  the  condensing  molecules   which 
were vaporized  during  meteoric  i m p a c t s ) .  

Cosmic r ays  and a l s o   u l t r a v i o l e t   r a d i a t i o n  of t he  Sun ev iden t ly  
p l a y   a n   i n s i g n i f i c a n t   r o l e   i n   t h e   r e f o r m a t i o n  of the  surface  layer   of   the  
Moon. The e f f e c t  of   cosmic  rays   resul ts   mainly  in   nuclear   conversions 
during  which  unstable   isotopes arise i n   p a r t i c u l a r   ( s i m i l a r   t o   t h e  
p rocess   t ak ing   p l ace   i n   me teo r i t e s ) .  The u l t r a v i o l e t   s o l a r   r a d i a t i o n  
probably  gives r ise  t o  small changes i n   t h e   o p t i c a l   c h a r a c t e r i s t i c s  of 
the  surface  layer .   These  changes are ana logous   to   those   tha t  a p p e a r  on 
Ear th  when mountain  tops are i l lumina ted  by the  Sun. 

V I I .  The Rel ie f  of the Moon's Sur face  

30. The appearance  of  the Moon's surface  changes  remarkably  with 
changing   condi t ions   o f   i l lumina t ion .  A t  about f u l l  Moon, t h e   v i s i b i l i t y  
of d e t a i l s  i s  determined by d i f f e r e n c e s   i n   t h e i r   b r i g h t n e s s ,  i . e . ,  prac-  
t i c a l l y  by d i f f e r e n c e s   i n   t h e i r   c o e f f i c i e n t s  of r e f l e c t i o n .  However, 
s i n c e   c l o s e   t o   f u l l  Moon, the   b r ightness  i s  s t rongly  dependent  upon the 
phase  angle  and  thereby i s  somewhat d i f f e r e n t   i n   r e g a r d   t o   d i f f e r e n t  
de t a i l s ,   t he   appea rance  of the  Moon's surface  changes  even  with small 
va r i a t ions   o f   t h i s   ang le .   Bes ides ,   t he   cond i t ions  of i l l m i n a t i o n  and 
observat ions of  any area of the Moon's sur face   a re   a l so   dependent  upon 
the  phase of l i b r a t i o n   i n   l a t i t u d e  and longi tude .  The v a r i e t y  of 
i l l umina t ion   cond i t ions   a r i s ing  from t h i s  and the   observa t ions  i s  almost 
imposs ib l e   t o   ca l cu la t e .   Th i s   has   l ed  and con t inues   t o   l ead   t o   f a l l ac ious  
conclusions  concerning  changes  on  the Moon's su r f ace .  

On s u r f a c e  areas being  observed  under  conditions of i n d i r e c t  1125 
i l l umina t ion ,   t he   appea rance   o f   de t a i l s   due   t o   va r i a t ions   i n   t he i r  
b r ightness  i s  placed  second  in  comparison  with  the  appearance  of  surface 
r e l i e f  due t o  shadows c a s t  by the   s lopes   t ha t  are turned away from the  
Sun  and pa r t ly   acco rd ing   t o   t he   i nc reased   b r igh tness   o f   t he   oppos i t e  
s lopes .  With the  approach  of   the  terminator   to   the area being  observed, 
the more g e n t l e   s l o p e s ,   i f   t h e y  are o n l y   s u f f i c i e n t l y  drawn o u t   i n  a 
mer id iona l   d i r ec t ion ,   beg in   t o  cast  no t i ceab le  shadows,  changing  the 
appearance  of   the  surface.   In   the  case  of   very  gent le   s lopes,   the  
penumbrae, i . e . ,  t he   r eg ions   on ly   pa r t i a l ly   da rkened ,   p l ay  a s u b s t a n t i a l  
r o l e .  
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Kuipers   descr ip t ions  of the   lunar   sur face   (Refs .  17, 85, 86) are 
cons ide red   t o   be   t he   bes t  a t  the   p resent  t i m e .  H i s  "Atlas of   the Moon" 
(Ref. 87) in t roduces  a systematic   select ion  of   lunar   photographs  under  
f ive   d i f f e ren t   cond i t ions   o f   i l l umina t ion .   These   obse rva t ions   were  
taken   wi th   the   he lp   o f   the   wor ld ' s   bes t  modern t e l e scopes .  

31. On the   su r f ace  of the  Moon, t he   b r igh te r   r eg ions   t h i ck ly  
do t t ed  by c r a t e r s  and the   dark   p la ins   wi th  a f a r e  more l eve l   su r f ace  
s t and   ou t .  The f i r s t  are cond i t iona l ly   ca l l ed   " con t inen t s "  and  the 
second "seas". As  was a l r e a d y   s t a t e d   ( s e e   S e c t i o n  5) , t he   su r f aces  of 
the  seas are on the  average 1.5 km lower   than  the  cont inents .  

32.   Hypsometric  data  concerning  the  relative  heights of the  
separate   mountain  formations are s t i l l  extremely  fragmentary  and  in- 
accu ra t e .   P re sen t ly   t he   accumula t ion   o f   t h i s   da t a  i s  i n t e n s i v e   i n   t h e  
USA, England,  and  France. 

It i s  assumed t h a t  one of the  summits in   the   Le ibni tz   mounta ins  
a t  t h e   b o r d e r   o f   t h e   l u n a r   d i s c   h a s   t h e   g r e a t e s t   a l t i t u d e ,   e q u a l   t o  9 km. 
The western  border   of   the  bank of   the Newton c r a t e r   h a s  an e l e v a t i o n  of 
more than  7,200  meters  above  the  surrounding  area.  

According  to  measurements  of  the  lengths  of  the shadows conducted 
by Medler i n   t he   beg inn ing  of  the  19th  Century  encompassing  1,095 summits 
(because of the  absence a t  t h a t  time o f   accu ra t e   cha r t s  of the  Moon the  
ident i f ica t ion   of   measured  summits was frequent ly   a lmost   impossible)  , the 
fo l lowing   d i s t r ibu t ion   acco rd ing   t o   a l t i t ude  [J .  Frantz   (Ref .  4 5 ) ]  w a s  
obtained: 

6,000 -7,000 meters  6 summits 

5,000 -6,000 meters  21 summits 

4,000 -5,000 meters  82 summits 

3,000 -4,000 meters 184 summits 

2,000-3,000  meters 289  summits 

1,000-2,000 meters 320 summits 

less than 1,000 meters 192 summits 

Such  measurements m e t  d i f f i c u l t i e s   c o n n e c t e d   w i t h   t h e  non- 
ho r i zon ta l   na tu re  of  the  surface  on  which  the shadow f a l l s .   F o r   t h e  
c a l c u l a t i o n  of t h i s ,   t he   s tudy   o f   t he   ve loc i ty   o f   t he   d i sp l acemen t  /126 
of the shadow i s  necessary.   This  i s  accomplished now wi th   the   he lp  
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of a slow-motion  f i lming [MacMath and others  (Ref.   92);  Kopal  (Ref.  21, 
84,  and o the r s ] .*  

33. The most cha rac t e r i s t i c   fo rma t ions  on the  Moon are t h e   c r a t e r s  
and the   c i rcuses-c i rcu lar   depress ions   sur rounded by a gen t ly   s lop ing  
annular  bank. The c r a t e r s  are those  depressions  with a concave  cup-like 
f l o o r  , and t h e   c i r c u s e s  are the  depressions  with a p lanar  smooth f l o o r  
u sua l ly  as dark  as the   sur face   o f   the  seas. The c i r c u s e s  are found  only 
among the  large  formations  with a diameter  of 10's and 100's o f   k i lo -  
m e t e r s . f c *  The number of c r a t e r s  and c i r cuses   i nc reases   w i th   t he   t r ans i -  
t i o n  from l a r g e   t o  small down t o   t h e  l i m i t  of t he   r e so lv ing  power of   the 
te lescopes  (depressions  with a diameter of 0 .5  t o  1 km) . The number of 
very  small craters  comprises  hundreds  of  thousands.   There i s  no  doubt 
t h a t   t h e  number of smaller c r a t e r s  which are i n a c c e s s i b l e   t o   p r e s e n t  
te lescopes  i s  s t i l l  g r e a t e r .  

The s t a t i s  t i c a l  i n v e s t i g a t i o n  by Young (Ref. 83) has shown tha t   t he  
d i s t r i b u t i o n  of a l l  c ra te rs   accord ing   to   the i r   d imens ions  i s  c l o s e   t o   t h e  

l a w  of   the  reciprocal  power N X Ax (x i s  the  diameter   of   the   crater)  -m 

whereby m % 2.5.  

3 4 .   P r a c t i c a l l y  a l l  of   the   explorers   (wi th   the   except ion   of   Gold ,  
see Sec t ion  36) b e l i e v e   t h a t   t h e  seas are evacuated  areas  which  were a t  
some t i m e  f i l l e d   w i t h   m o l t e n   l a v a .  The small number o f  c r a t e r s   i n   t h e  
seas  i s  explained by t h e   f a c t   t h a t  w e  observe  only  those  which were formed 
af ter   the   hardening  of   the  lava.   With  favorable   condi t ions of i l l umina t ion ,  
on c e r t a i n  areas of   the seas,  the   annu la r   c r e s t s  and t h e   b r i g h t   c i r c l e s  
become v i s i b l e .  All t h e   d a t a   i n d i c a t e   t h e   f a c t   t h a t   t h e s e   a r e   t r a c e s  of 
c r a t e r s  which ex is ted   before   the   appearance  of the   seas  and which a r e  
p a r t i a l l y   o r   f u l l y   f i l l e d   w i t h   l a v a .   I n   e x a c t l y   t h e  same manner,  the 
ind iv idua l   mounta ins   r i s ing   above   the   sur faces   o f   cer ta in   seas   ( for  
i n s t ance  Mare Imbriem) ev iden t ly  are the  remainders  of a p rev ious   r e l i e f  
which  remained  above  the  level of submersion. 

In   t he   p re sence  of   very  obl ique  i l luminat ion on the   sur face   o f   the  
seas, the  gent ly   s loping  banks  with  an  a l t i tude  of  100 t o  200 meters and 
ex tending   to  10's and 100's of  kilometers become v i s i b l e .  The s lopes  of  

>k 
The "Astronomical  Contributions from the  Manchester  University" 

Series 111, No. 66,   67,  70 , 7 1 ,  72,   73,   began  to   publ ish  in   1959 a series 
of p a p e r s  e n t i t l e d  "Topographic  Explorations of the  Moon", which  contain 
results  of  hypsometric  measurements  of separate sec t ions   o f   the   lunar  
su r face .  

%>k 
Cer ta in   au tho r s ,  i . e . ,  A .  V. Markov, (Ref .   27)   re fe r   to  a l l  l a r g e  

craters,  regardless   of   the   shape  of   the crater ' s  f l o o r  as c i r c u s e s .  



the  banks are i n c l i n e d   t o   t h e   h o r i z o n t a l  a t  an  angle  of  only 1 t o  1.5' 
[van  Diggelen  (Ref. 6 1 ) ] .  It i s  cons idered   tha t   the   banks   a rose  as a 
r e s u l t   o f   t h e  lava's motion  and  compressions  occurring  during i t s  
coo l ing  . 

C e r t a i n  seas have a c i r c u l a r  form  and are surrounded by mountain 
chains  which as a r u l e  become detached from the   s ide   o f   t he  sea wi th  a 
p rec ip i ce   hav ing   an   a l t i t ude   o f  2 t o  3 km. ( Ind iv idua l  summits rise t o  
above 4 km.) These  mountains  are  not  of  the  folded  type  but are /127 
deposi ted  formations.  The l a r g e s t   c i r c u l a r  sea - Mare Imbrium - reaches 
1000 km i n   d i a m e t e r ,  and  the small c i r c u l a r  seas wi th  a diameter  of 300 
km and less form a c o n t i n u o u s   t r a n s i t i o n   t o   t h e   l a r g e   c i r c u s e s  [Vegener 
(Ref.  6) 1 .  The seas wi th  an i r r e g u l a r  form  of  the  type Mare Nubium are 
not  surrounded by mountain  chains   and  evident ly  are covered  with  lava 
which  over  f low  from  the  circular  seas  [Kuiper  (Refs.  85 , 86) 1 .  I n   t h e  
i r r e g u l a r  seas, judging  from  the  abundance  of  half-submerged  craters and 
other   mountain  formations,   the   layer   of   lava i s  t h i n n e r   t h a n   i n   t h e  
c i r c u l a r  seas where  submerged  formations  are more infrequent ly   observed 
and the reby   on ly   i n   t he   ou t ly ing   s ec t ions .  

- 

35. The luna r   c i r cuses ,   i . e . ,   t he   annu la r   p l a ins   w i th   da rk   ve ry  
p l a n a r   f l o o r s   ( i n   t h e   c a s e   o f   v e r y   l a r g e   c i r c u s e s ,   f o r  example  Ptolemaeus, 
t hese  are p r o t u b e r a n t   i n   r e l a t i o n   t o   t h e   c u r v a t u r e  of the   lunar   sur face)  
a r e   c r a t e r s   f i l l e d   w i t h   l a v a .  These c i r c u s e s  are s i t u a t e d   u s u a l l y   i n  
seas o r   i n   t h e   v i c i n i t y   o f  seas and are f i l l e d   w i t h   l a v a  from  them, i . e .  , 
judging by the  per iod of t he i r   fo rma t ion ,   t hese  are undoubtedly of a 
"marine"  type. However, t h e r e   a l s o   e x i s t   c i r c u s e s   s i t u a t e d   f a r  from  the 
seas or  even a t  e l eva ted   p l aces   ( t he  l a t t e r  i s  only   conjec tura l   because  
of the  inaccuracy and incompleteness   of   the   hypsometr ic   data) .   In   these 
cases  i t  i s  n e c e s s a r y   t o  assume tha t   t he   l ava   a rose  from  beneath. The 
c ra te r   Vargent ine  i s  the  only one of i t s  type  represented as a t a b l e  
mountain  since i t  i s  f i l l e d   w i t h   l a v a   c o n s i d e r a b l y   h i g h e r   t h a n   t h e  
surrounding area t o  a he igh t  of the  lowest p a r t  of  the bank  [Kuiper 
(Ref.  86,  Dollfus  (Ref. 13) ] . 

It i s  p o s s i b l e   t o   t r a c e   t h e   c o n t i n u o u s   t r a n s i t i o n  from c i r cuses  
w i t h   d a r k   f l a t   f l o o r s  toward  the  half-submerged  craters  a t  the  bottom of 
s e a s ,  f rom  which  only  low  c i rcular   crests   or  pa r t s  of   c res t s   remain ,  
r i s i n g  above  the  surface  of  the seas, toward  completely  submerged  craters 
which a r e   s c a r c e l y   d i s t i n g u i s h e d   i n   t h e  form  of b r igh t   c i r cuses   on ly .  
According to   t he   pe r iod   o f   t he i r   fo rma t ion ,   t he  submerged  and semi- 
submerged c r a t e r s  are of a "pre-marine"  type. 

A t  the   bot tom  of   cer ta in   c i rcuses ,   for   example  Ptolemaeus,   a long 
wi th   t he   min ia tu re   c r a t e r s   o f  a normal  shape  which were formed a f t e r   t h e  
hardening  of   the  lava  there   are   very  gent ly   s loping  depressions,   not iceable  
only  under   the  most   obl ique  i l luminat ion.   These  depressions are undoubtedly 
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the  traces of  overflowing  craters  which were formed dur ing   the  l as t  s t a g e  
of hardening. 

36 .  According  to   the  hypothesis  by Gold (Refs.  9 ,  73  , 7 4 )  , the  
dark   f loors   o f   the  seas and  of the   c i rcuses  is  covered  not  with  hardened 
lava as i s  assumed  by a ma jo r i ty  of s p e c i a l i s t s ,   b u t  by a t h i c k   l a y e r  of 
dus t ,   perhaps   severa l   k i lometers   th ick .  From the  viewpoint  of f u t u r e  
landings  on  the Moon, the  assumption  that   such a l a y e r  may be similar t o  
quicksand  [Gold  (Ref. 7 4 ) ]  is  of   great   concern,  and has  been  /128 
r e p e a t e d l y   d i s c u s s e d   i n   t h e   l i t e r a t u r e .  The main d i f f i c u l t y   f o r   G o l d ' s  
hypothesis  i s  the  problem  of   the  shif t ing of d u s t  a t  l a rge   d i s t ances  
a long   the   lunar   sur face   in   the   absence  of a i r  and water f lows.   Actual ly ,  
accord ing   to   these   assumpt ions ,   the   par t ic les   o f   dus t   which  w e r e  formed 
on e leva ted  pa r t s  of  the Moon's surface-"the  cont inents" ,   should  be 
s h i f t e d  on the  order  of  hundreds and thousands   o f   k i lometers   in   o rder   to  
reach  the sea depressions and remain  there .  Gold cons ide r s   t ha t   t he  
e l e c t r o s t a t i c   c h a r g e s  formed dur ing   the   photo ioniza t ion  of t he  ground 
must i m p a r t  mo t ion   t o   t he   dus t   pa r t i c l e s .  He considered two mechanisms 
of  motion-jumps  and s l i d i n g .   I n   t h e   f i r s t  mechanism,  the  repulsion  of 
similar charges i s  examined  which,  according to   t he   ca l cu la t ions   o f  Gold 
i s  capable  of breaking away ind iv idua l  d u s t  p a r t i c l e s  from  the  surface 
l a y e r  and fo rc ing  them t o  jump .  The change  of p o s i t i o n   o f   d u s t   p a r t i c l e s  
downward along  the  s lope  should be t h e   s t a t i s t i c a l   r e s u l t  of  t he  number of 
such  jumps. In  the  second  mechanism,  the  suspension  of  the  charged  dust 
p a r t i c l e  a t  a sho r t   d i s t ance   ( abou t  1 mm) from the  opposi te ly   charged 
su r face  i s  assumed  and i n   t h e   c a s e   o f  a non-hor izonta l   na ture  of t h i s  
s u r f a c e ,   s l i d i n g  downward along  the  s lope w i l l  occur .  

- 

However, the   sur face   o f   the   cont inenta l   reg ions   o f   the  Moon is too 
uneven f o r   t h e s e  mechanisms t o   g i v e   t h e   e f f e c t  which  Gold  has  assumed. 
Neither  the jumps no r   t he   s l i d ing   can   t ake   t he   dus t   pa r t i c l e s   ou t  of a 
c r a t e r   d e p r e s s i o n   o r  from  regions  surrounded  completely by c ra te r   banks .  
Nowhere can  Gold 's  assumed "dust  rivers"  "flowing"  slowly  toward  the seas 
be  seen.   Therefore ,   h is   hypothesis ,   a l though i t  received  wide  acclaim, 
i s  not   shared  by s p e c i a l i s t s .  

3 7 .  A t  the  present   t ime,   the  near ly   century- long  argument  among 
the  supporters   of   the   "volcanic"  (more accurately-endogenic) and the  
supporters   of   "meteori t ic"   or   " impact"   or igin  of   lunar  craters s t i l l  
cont inues .  The ma jo r i ty  of exp lo re r s  of the  Moon  now recognize  the 
format ion   of   the   c ra te rs  as a r e s u l t  of the bombardment of the   lunar  
su r face  by bodies  with  diameters  of  sometimes  tens  of  kilometers.   This 
occurred  on  the  background of r ad io -ac t ive   hea t ing  and  melting  of  the 
lunar   in te r ior ,   and   because   o f   th i s   they  were accompanied  by lava flows. 
The f i r s t   s t a g e s   o f   t h i s  bombardment are r e l a t ed   t o   t he   fo rma t ion  of the 
Moon i t s e l f  (see Sec t ions  49,  50,  and 51) , and  the las t  s tage,   which i s  
s t i l l  i n   p r o g r e s s  i s  r e l a t e d   t o   c o l l i s i o n s  of a s t e r o i d s  and  comet n u c l e i  
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wi th   the  Moon. These   as te ro ids  and comet n u c l e i   f l y   i n t o   t h e   i n t e r n a l  
pa r t  of  our planetary  system. Opik (Ref.  98)  compared  the  surface 
dens i ty   o f   t he  craters a t  the  Mare Imbrium wi th   the   p resent   f requency  
wi th   which   la rge   bodies -smal l   as te ro ids  and n u c l e i  of  comets, impac t  
our   Earth.  Opik (Ref. 97) eva lua ted   t h i s  ea r l ie r .  He came to   t he  
conc lus ion   t ha t   t hese   da t a  are  in   mutua l   accord   in   the   suppos i t ion   tha t  
the   format ion   of   the   c ra te rs   in   the  Mare Imbrium occurred  during  /129 
the last  b i l l i on   yea r s   a lmos t   pe r iod ica l ly .   Th i s  i s  confirmed by the 
geo log ica l   i nves t iga t ions  o f   t h e   c r a t e r - l i k e   s t r u c t u r e s   o n   t h e   t e r r i t o r y  
of  the USA which   ind ica te   tha t   the  ra te  of   the   Ear th ' s  bombardment wi th in  
the  l a s t  h a l f - b i l l i o n   y e a r s ,  was probably  the same as the  ra te  of  bombard- 
ment of   the   lunar   sur face   which   has   c rea ted   pos t -mar ine   c ra te rs  [Shoemaker 
and others  (Ref.   108) ] . 

The d is t r ibu t ion   of   impact ing   bodies   in   respec t   to   the i r   masses  
can   be   der ived   f rom  the   d i s t r ibu t ion   of   lunar   c ra te rs   in   respec t   to   the i r  
dimensions,  which was obtained by Young (Ref.   83).  The thus  der ived 
d i s t r i b u t i o n  of c ra te r   forming   bodies   in   respec t   to   the i r   masses  i s  i n  
agreement  with  such a d i s t r ibu t ion   fo r   a s t e ro ids   [ J a schek   (Ref .  81) 1 .  

A number of small c r a t e r s   o f  a "secondary"   o r ig in   ex is t   s ide-by-  
s i d e   w i t h   t h e   c r a t e r s  formed  through  impacts of ex t r a   l una r   bod ie s ,  a t  
the  banks and i n   t h e   v i c i n i t y  of l a r g e   c r a t e r s .  These small c r a t e r s  
were formed dur ing   the  impact  of re turn ing   f ragments   o f   the   lunar   sur face  
which were thrown upward dur ing   the   format ion   of   these   l a rge   c ra te rs .  

The energy  of  the  impacts  which  formed  the smallest l u n a r   c r a t e r s  
with  diameters  of about 1 km, was equ iva len t   t o   t he   exp los ion   o f  1 t o  2 

megatons  of TNT; i . e . ,  i t  amounted to   abou t  10 e rg .   (This  was d e t e r -  
mined,  for  example by a comparison of t he   me teo r i t e   c r a t e r   on   t he   Ea r th  
i n   A r i z o n a   w i t h   t h e   c r a t e r s  formed during  American  underground  explosions 
of  atomic bombs [Shoemaker,  (Ref.  107)l. The energy  of  the  explosions 
which  formed  the l a r g e s t   l u n a r   c r a t e r s  and t h e   c i r c u l a r  seas should  have 

reached lo3' t o  10 e rg .  

23 

32 

About h a l f  of t h i s   ene rgy  was converted  into  an  energy  of  seismic 
t remors   the   in tens i ty   o f   which   dur ing   the   format ion   of   l a rge   c ra te rs  
exceeded  the  energy  of  the  cataclysmic  earthquakes on Earth.  Because  of 
the small dimensions of the Moon, the   sur face   waves ,   the   a t tenuat ion  of 
which i s  very  small, could  have  been  focused i n  a d i ame t r i ca l ly   oppos i t e  
po in t   c r ea t ing  what  seemed l i k e  a second  epicenter  (Kopal,   1959).  The 
"meteorite"  hypothesis of the  formation of l u n a r   c r a t e r s   i n  i t s  present  
form expla ins  a l l  observed  forms  of   the  lunar   re l ief  [ B .  Yu. Levin  (Ref. 
23) I . 
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The "volcanic"   hypothesis  i s  pr imar i ly   p resent ly   suppor ted  by 
seve ra l   geo log i s t s   (Spe r r ,  Khabakov,  Byulov) who are   not   concerned  with 
the  physical   foundation  of  the  processes  which  they  proposed and are not  
tak ing   in to   cons idera t ion   the   deve lopment   o f   the   lunar   in te r ior .   This  
leads  them t o   u n r e a l i s t i c   c o n c e p t s .  

3 8 .  The c ra t e r s   t h roughou t   t he   su r f ace   o f   t he  Moon are not  
d i s t r i b u t e d  randomly as i t  shou ld   be   s ince   i n   t he  seas, only a small 
number of craters, which  have  been  formed  after  the  hardening  of  the 
l ave ,  are v is ib le .   Fur thermore ,   the   devia t ion  from the  random d i s t r i -  
bu t ion   of   the   observed   c ra te r   cen ters  i s  s t i p u l a t e d  by t h e   f a c t   t h a t   t h e  
formation of a l a r g e   c r a t e r   n u l l i f i e s   t h e  smaller c r a t e r s  which ear l ie r  
e x i s t e d   i n   t h i s  place. F i n a l l y ,   t h e r e  are small c r a t e r s  of a / 130 

s e c o n d a r y "   o r i g i n   i n   t h e   v i c i n i t i e s  o f   t he   l a rge   c r a t e r s  (see Sec t ion  I f  

37) . 
I f  w e  exc lude   t he   s econda ry   c r a t e r s ,   o r   t ake   i n to   cons ide ra t ion   t he  

inf luence  of   the  above  indicated  factors ,   then  within  the  boundaries   of   the  
homogeneous reg ions   o f   the   lunar   sur face-cont inents  and s e a s - t h e   d i s t r i -  
bu t ion  of c r a t e r s  i s  a t  random. On the  surface  of  Mare S e r e n i t a t i s  where 
the  imposi t ions are n e a r l y   a b s e n t ,   t h e   d i s t r i b u t i o n   s a t i s f i e s   t h e   P o i s s o n  
l a w  [Arthur  (Ref. 55) 3 .  For Mare Imbrium, small dev ia t ions  are not iced  
t h a t  are ev iden t ly   r e l a t ed   t o   t he   p re sence  of  secondary  craters  which 
were formed  by e j e c t i o n s  from  the  Copernicus  crater.  Due t o  the  absence 
of s t a t i s t i c a l  methods f o r   a n   a n a l y s i s  of  the crater d i s t r i b u t i o n   i n  
regions  where  the  imposit ions are subs tan t ia l ,   Ar thur   a r ranged   pure ly  
random d i s t r i b u t i o n s  of superimposed  c i rc les   with  var ious  diameters  and 
showed that   these  models   do  not   dif fer  from t h e   c r a t e r   f i e l d s   i n   t h e  
Moon's con t inen ta l   r eg ions .  

An i n v e s t i g a t i o n  of t he   su r f ace   dens i ty  of l a r g e   c r a t e r s   ( w i t h  a 
d iameter   g rea te r   than  20 km) a t  ind iv idua l  areas of  the  continents,   which 
were  conducted by Green  (Ref. 76) l ed   a l so   t o   t he   conc lus ion   t ha t   t hey  
are d i s t r i b u t e d  a t  random. 

3 9 .  The cases   of   imposi t ion  of  one c r a t e r  on top  of  another,  which 
are e s p e c i a l l y   f r e q u e n t   i n   t h e   c o n t i n e n t a l   r e g i o n s   e n a b l e  us to   de t e rmine  
t h e i r   r e l a t i v e  age: the  superimposed  craters  are younger   than   the   c ra te rs  
beneath them. The comparison of t h e i r   o u t e r  form shows t h a t   t h e  young 
c ra t e r s   have  a more a b r u p t   r e l i e f  a t  t h e   f l o o r  and  banks  while  the  old 
craters r e l i e f  is  r a t h e r  smooth. The l a t t e r  i s  connected  with seismic 
des t ruc t ions ,  by me teo r i c   e ros ion  and erosion  caused by corpuscular  
f l uxes .  The most   abrupt   re l ief   can  be  found  in  craters with  rays  which 
are the  most  recent  whereby, as now disc losed ,   they  are n o t   o n l y   r e l a t i v e l y  
younger,   but  absolutely  younger.  
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The s t u d y   o f   d i s t r i b u t i o n  and t h e   o u t e r  form  of t h e   c r a t e r s  which 
was conducted  by many inves t iga to r s   has  made i t  p o s s i b l e   t o   s e g r e g a t e  
them  by t h e i r   r e s p e c t i v e   a g e s .  The "pre-marine",  "marine",  and  ' 'post- 
mar ine"   c r a t e r s   t ha t  is  , the  craters which were formed  before  the seas 
dur ing   the  seas, and f i n a l l y ,   a f t e r   t h e  seas, are now d i s t ingu i shed  
[A. V.  Khabakov (Refs.  46 , 47)  with no bas i s   has   i n t roduced   an   i n t e r -  
mediate era when the   p rocess   o f   c ra te r   format ions   has   d iminished   for  some 
reason .  ] 

40. The lunar  craters are extremely  planar   formations,   the   depths  
of  which  are many times l e s s   t h a n   t h e i r   d i a m e t e r .  The appa ren t ly   g rea t  
dep th   o f   t he   c r a t e r s  is  a n   i l l u s i o n   r e l a t e d   w i t h   t h e   f a c t   t h a t  w e  a r e  
accustomed to   t he  shadows  which are c a s t  by ob jec t s  when the  Sun i s  high.  
A t  the  same time a p l ana r  c ra te r ,  i l lumina ted   ob l ique ly   does   no t   d i f fe r  
a t  f i r s t   s i g h t  from a deep c r a t e r  which i s  sharp ly   i l lumina ted .  The 
images  of very  steep crater  banks  and  of lunar  mountains on many /131 
i l l u s t r a t i o n s  made even by spec ia l i s t s - a s t ronomers  are based  only  on  this 
i l l u s i v e   i m p r e s s i o n .  

Measurements show t h a t   i n   c r a t e r s   w i t h  a diameter  of 20 t o  30 km 
the  ent i re   depth  (counted  f rom  the summit of  the  bank)  amounts t o  a 
10% diameter  on  an  average, and i n   c r a t e r s   w i t h  a diameter of  100 km 
about 5$, and i n  s t i l l  l a r g e r   c r a t e r s  2.5 t o  3% [Eber t   (Ref .   66) ] .  A t  the 
same time i n   t h e  smallest measured c r a t e r s   w i t h  a diameter  of 2 t o  3 km 
the   depth  reaches 20% of   their   d iameter   [Baldwin  (Ref .   57)] .  

The e l e v a t i o n  of   the  bank  rose  with  the  increase of the crater ' s  
diameter  comprising  approximately a permanent  portion  of i t s  depth 
(about  1/3 of t he   en t i r e   dep th   o r   abou t   1 /2   o f   t he   t rue   dep th ,  which i s  
counted  f rom  the  level   of   the   surrounding  plain) .  

The s lopes  of   the  bank a r e   v e r y   g e n t l e ,  whereby the   curva ture  of 
t h e   i n t e r s l o p e   d e c r e a s e s   w i t h   t h e   i n c r e a s e   o f   t h e   c r a t e r ' s   d i a m e t e r .  
This i s  ev ident   in   the   fo l lowing   da ta   o f   Faut   (Ref .   43) :  

Diameter of  the Mean Diameter Number of Mean Angle  of I n c l i n e  
Crater i n  km i n  km Craters of   the   Inner   S lope   in  

degrees 

30 

30 -50 

50-100 

> 100 

12 

38 

76 

144 

113 

14 

27 

8 

33.5 

22.7 

14 .8  

11.6 

The outer   s lopes  are even more gen t l e  and  have  an  incline  of 1 t o  6'. 
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The photometric  measurements  of  the  profile  of  the  lunar r i m  dur ing  
e c l i p s e  of  the  Sun are an  independent  confirmation of t he  small curva ture  
i n   t h e   r e l i e f  forms  of  the  lunar  surface  [Fujinami,   Ina,  and K a w a i  (Ref. 
70)]  who showed t h a t  a predominant p a r t  of the  observed  s lopes is w i t h i n  
3 t o  14O f o r  a scale g rea t e r   t han  30 Ism. 

A s  a comparison, it i s  n e c e s s a r y   t o   i n d i c a t e   t h a t   t h e   n a t u r a l  
angle  of r epose   fo r  a f i n e   v o l c a n i c   a s h  amounts t o  30 t o  35' i n   t h e   c a s e  
of a d e e p e r   d e t r i t u s .  The f a s t e s t   f l o w i n g   b a s a l t i c   l a v a  of the  Hawaiian 
and Icelandic   volcanos  while   cool ing  forms  s lopes,   the   angle   of   incl ine 
of  which ra re ly   exceeds  8". 

41. Many c ra t e r s   have  a g e n t l y   s l o p i n g   c e n t r a l  mound sometimes 
cons i s t ing  of s eve ra l   e l eva t ions .  

Among the   "younges t"   c ra te rs   ( tha t  i s ,  the  craters with  an  abrupt  
uneven r e l i e f )   w i t h  a diameter  of more than 16 km, about SO$ have   cen t ra l  
mounds. I n   t h e  small d imens ion   c ra te rs ,   the   p resence  of a c e n t r a l  mound 
i s ,  as a ru l e ,   unce r t a in .   Th i s   ev iden t ly  i s  r e l a t e d   t o   t h e   l a r g e   c u r v a t u r e  
of   the i r   inner   s lopes .   This   l eads  t o  t h e   f a c t   t h a t   a t  a low pos i t ion   o f  
the  Sun,  which i s  necessa ry   fo r   t he   d i sc losu re   o f   t he   cen t r a l  mound, /132 
the   f l oo r   o f   t he  crater proves   to   be   in   the   shade  cast  by the  bank.   In  
the  case of "young" c r a t e r s ,   t h e   h e i g h t  of t h e   c e n t r a l  mound amounts t o  
about 1 /2  o f   t he   ' t r ue   dep th  of t he  crater on  an  average. I t s  summit 
raises o n l y   i n   t h r e e   c a s e s  above t h e   l e v e l  of the   sur rounding   p la in   bu t  
never   reaches   the   l eve l   o f   the   bank .   In   the   case   o f   "o ld"   c ra te rs   wi th  
a smooth r e l i e f ,   t h e   c e n t r a l   e l e v a t i o n s  are also  smooth,   and  therefore 
are only   ra re ly   observed .  

A s  a ru l e ,   c i r cuses   have  no c e n t r a l  mounds s ince   t hey  are sub- 
merged i n   l a v a .  

T h e r e   e x i s t   m i n i a t u r e   c r a t e r s   o n   t h e   c e n t r a l  mounds of c e r t a i n  
craters. Al though  the i r   ex te rna l   appearance   ind ica tes  a random super -  
pos i t i on   o f   t he  small crater on   the   cen t ra l   p ro tuberance ,   the   suppor te rs  
of   the   vo lcanic   hypothes is  on t h e   o r i g i n  of lunar  craters have  considered 
them as important  proof i n   t h e i r   f a v o r .  Baldwin  (Ref.  57) a f t e r   h a v i n g  
eva lua ted   t he   r e l a t ive  area of t h e   c e n t r a l  mound found t h a t   i n  a pure ly  
random c r a t e r   d i s t r i b u t i o n ,   t h e r e   s h o u l d  be  observed  about 15 cases of  
supe rpos i t i on  of t he  small c r a t e r s  on t h e   c e n t r a l  mounds and a c t u a l l y  
the re  were twelve such cases known a t  t h a t  t i m e .  Ba ldwin ' s   r e su l t s  
caused special searches  on  the Moon for   mountains   with craters n e a r   t h e i r  
summits. T h i s   l e d   t o   t h e   i n c r e a s e   o f   t h e i r  numbers t o  50 [Moore (Refs.  
9 4 ,  95) 3 .  However, t he  expanded l i s t  inc luded   no t   on ly   the   cen t ra l  
mounds, b u t   a l s o   t h e  lava domes which are of a d i f f e r e n t   n a t u r e  (see 
Sec t ion  47). 
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42 .  The so -ca l l ed  "law of   Schre te r"  i s  except iona l ly   impor tan t ,  
according  to  which,  the  circumference  of  the  bank  on  the  average i s  
equal   to   the   c i rcumference   o f   the   depress ion .  The r e a l i t y   o f   t h e  " l a w  
of  Schreter" i s  negated by c e r t a i n   i n v e s t i g a t o r s   o n   t h e   b a s i s   t h a t  i t  is  
accomplished  only  on  the  average. However, t h e   d e v i a t i o n s  from i t  o f t e n  
have a natural   explanat ion.   Thus,   for   example,  cases when the  c i rcumfer-  
ence  of  the  depression are found a t  submerged craters ( i . e . ,  those  having 
a p lanar   dark   f loor ) .   Ba ldwin   (Ref .  57)  has  shown, that   based on the 
Schre t e r  l a w  and cons ider ing   the   wid th  as be ing   equa l   t o  1 / 4  of  the 
c r a t e r ' s   d i a m e t e r ,  as well as the  average  dimensions  of   the  central  mound, 
i t  is  poss ib le   to   ca lcu la te   the   theore t ica l   dependence   of   the  bank 
e l e v a t i o n  by the  observed  dependence  of  the crater ' s  depth on i t s  diameter 
( see   Sec t ion  4 3 ) .  This i s  in   exce l len t   agreement   wi th   the   observed  
dependence. 

I n   t h i s  way, t h e   l u n a r   c r a t e r s  are on  the  average "0" shaped 
r e l i e f   un l ike   t he   Ea r th   vo lcanos   wh ich   a r e   "pos i t i ve"   r e l i e f  forms  and 
the  Earth  calderas   which , r e l a t i v e   t o   t h e i r   n e a r e s t   s u r r o u n d i n g s  , are 
"nega t ive"   r e l i e f   fo rms .   (Ca lde ras   a r e   d ip   fo rma t ions   s i t ua t ed  on the 
summit of volcanos and volcanic  domes. This i s  a unique  type of vo lcanic  
formation somewhat similar t o   t h e   l u n a r   c r a t e r s ) .  

4 3 .  I n   t h e   l u n a r  craters r e l a t i o n s h i p s   e x i s t s  between  the / 1 3 3  
diameter and the  depth and also  between  the  diameter  and  the  height  of 
the  bank. They are a ro l l i ng   con t inua t ion   o f   ana logous   r e l a t ions  
e s t ab l i shed   fo r   sha l low  ho le s  and c r a t e r s  which are formed  on the   Ear th  
from explosions  of  munitions,  bombs and  more  powerful  charges  of  explosive 
material [Baldwin  (Ref. 5 7 ) .  The interval   between  the maximum explos ion  
c r a t e r s  on  the  Earth and the  minimum luna r  craters access ib l e   t o   s tudy  
are covered   by   the   Ear th ' s   meteor ic   c ra te rs .   (Recent ly  Shoemaker (Ref. 
107) es tab l i shed   the   comple te   s imi la r i ty   be tween  the   Ar izona   meteor ic  
c r a t e r  and  two c r a t e r s  formed  during  the  American  underground  atomic 
explos ions . )   These   re la t ions   bear  a m e r e l y   s t a t i s t i c a l   c h a r a c t e r ,  and 
f o r   t h e   l u n a r  and E a r t h   c r a t e r s   t h e   d e v i a t i o n s   f r o m   s t r i c t   r e g u l a r i t y  
are v e r y   g r e a t .  For t h e   E a r t h   c a l d e r a ,   t h i s   d i s p e r s i o n  i s  immeasurably 
l a r g e .  

The re la t ions   be tween  the   d iameter ,   the   depth ,  and he igh t  of the  
bank  and a l s o   t h e   d i r e c t   s t u d y  of  the  outer  form  of  the  craters show t h a t  
a l l  c r a t e r s  form a cont inuous   success ion .   Fur thermore ,   the   c i rcu lar  seas 
surrounded by mountain  ranges  form a fu r the r   con t inua t ion   o f   t h i s   s equence  
[Vegener  (Ref. 6) 3 . 

4 4 .  The youngest craters are surrounded by a crown  of  long  bright 
rays   ex tending   ( for   example ,   in   the  Tycho c r a t e r )  more than a thousand 
k i l o m e t e r s   i n   i n d i v i d u a l   c a s e s .  The rays  are v i s i b l e  a t  a b o u t   f u l l  Moon 
and d isappear   dur ing   ob l ique   i l lumina t ion .  They are extended  across seas 
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and con t inen t s  and are undoubtedly  deposited  formations.  Even during 
ex t remely   ob l ique   i l lumina t ion ,   the   rays   do   no t  cast shadows, i . e . ,  the  
he ight   o f   the   subs tance   depos i t  i s  very  small. Pho tomet r i ca l   i nves t i -  
gat ions  have shown that   the   rays   do  not   change  the  dispers ing  propert ies  
of t he   unde r ly ing   su r f ace .   Th i s   a l so   i nd ica t e s   t he   t h inness  and s c a r c i t y  
of   the   subs tance   depos i t  [N. P .  Barabashov  and V. I. Yezerskiy  (Ref.  4 ) ] .  
Cer ta in   r ays  are n o t   r a d i a l l y   d i r e c t e d   b u t  are t angen t   t o   t he  crater o r  
deviate   even more  from the   r ad ia l   d i r ec t ion .   Th i s  seemed t o  create 
d i f f i c u l t i e s   i n   t h e   e x p l a n a t i o n   o f   t h e i r   e j e c t i o n s  f rom  the   c ra te r .  
Giamboni (Ref. 72) on the   bas i s   o f   ca l cu la t ions  of b a l l i s t i c   t r a j e c t o r i e s  
on  the  surface  of  a r o t a t i n g   p l a n e t  showed t h a t   d e v i a t i o n s  from  the  radial  
d i rec t ions   can   be   expla ined  by the  formation  of   rays  a t  the  t i m e  of a 
rap id   lunar  axial r o t a t i o n   ( w i t h  a period  of 0.5 t o  3.5  days) . Afte r  i t  
was d i s c l o s e d   t h a t   t h e   c r a t e r s   w i t h   r a y s  are n o t   o n l y   r e l a t i v e l y ,   b u t  
absolutely  young,   this   explanat ion was no l o n g e r   v a l i d .  Even i f   t h e i r  

age  does  not amount t o  lo5  t o  10  years as Levin  (Ref. 23) admits  but i s  

10 t o  10 years  as Sin ton   (Ref .  110) ho lds ,  a l l  the  same the  Moon dur ing  
the i r   format ion   d id   no t   have  a r a p i d  axial r o t a t i o n .  

6 

7 8 

However, t h e   s t r i c t l y   r a d i a l   d i r e c t i o n   o f   t h e   r a y s   c o u l d   h a v e  
a r i s en   on ly   du r ing   ve ry   spec ia l   cond i t ions  of t h e   e j e c t i o n  of / 134 
subs t ance :   du r ing   t he   e j ec t ion   o f   subs t ance   i n  one d e f i n i t e   d i r e c t i o n  
w i t h   d i f f e r e n t   v e l o c i t i e s   o r   w i t h  a p l a n a r   v e r t i c a l   f a n  of e j e c t i o n s .  
The i n c l i n e d  shower  of e j ec t ions   o r   t he   chang ing   o f   d i r ec t ion  of  the 

the  ray,   which i s  the   geometr ic   pos i t ion  of t h e   i n t e r s e c t i o n s  of tra- 
j e c t o r i e s   o f   i n d i v i d u a l   p a r t i c l e s   w i t h   t h e  Moon's su r f ace .  

I f  stream" being  thrown  out   should  have  led  to   the  non-radial   d i rect ion of 

Cer t a in   r ays   o f   t he   Copern icus   c r a t e r   cons i s t   o f   s epa ra t e  
successive  l ines   each  of   which i s  s t r i c t l y   r a d i a l ,   b u t   t h e i r   t o t a l i t y  i s  
no t   r ad ia l .   Apparen t ly   each   l i ne   a rose  as a r e s u l t  of p u l v e r i z a t i o n  
during  an i m p a c t  on t he   su r f ace  and s c a t t e r i n g   a l o n g   t h e   d i r e c t i o n  of 
mot ion   of   the   e jec ted   f ragments   o f   b r igh t   subs tance .  

Not a l l  the   e jec ted   f ragments .  are f r a n g i b l e ;   t h e r e  are those  which 
remained i n  one  piece.  One can  even see furrows  drawn by  them [Kuiper 
(Ref. 86) ] .  Along the   r ays  , a number of   e leva ted  small c r a t e r s  i s  a l s o  
observed .   This   ind ica tes   the i r   format ion  as a r e s u l t  o f   the   fa l l ing   o f  
f ragments   e jec ted   dur ing   the   format ion   of  a l a r g e   c r a t e r .  It i s  p o s s i b l e  
that  the  fragments  which dug t h e   f u r r o w s   f l e w   a l o n g   f l a t   t r a j e c t o r i e s ,  
and  fragments  which  formed small craters f l ew  a long   cu rved   t r a j ec to r i e s .  

C e r t a i n  young c r a t e r s ,   i n   p a r t i c u l a r   t h o s e  which were formed  on  the 
even  surface  of   the seas ( f o r  example Copernicus) ,  are surrounded by a 
corona  of   craters   caused by r a d i a l   e j e c t i o n s   t h e   e x t e n t  of which  approx- 
imates the  diameter   of   the  crater. As a long  the  rays   with  the  boundaries  



of   t h i s   co rona   an   i nc reased  number of m i n i a t u r e   c r a t e r s  i s  observed. 
This i s  due to   t he i r   fo rma t ion   du r ing  i m p a c t  of  fragments  which  returned 
t o   t h e   s u r f a c e  a f t e r  e j e c t i o n .  

I n  a number of   lunar   reg ions ,   there  ex is t  chains  of small craters 
which are sometimes pa r t i a l ly   supe r imposed  upon each   o the r .   The i r   fo r -  
mation i s  e v i d e n t l y   r e l a t e d  t o  t he   e j ec t ion   o f  a series of  fragments,  
analogous  to  those  which  produced  the  echelon  type  rays  of  Copernicus.  

4 5 .  On t h e   s u r f a c e  of  the Moon, numerous f i s s u r e s  are observed 
e x t e n d i n g   i n  a s t r a i g h t   l i n e   o r   w i t h  small dev ia t ions   t o   d i s t ances   o f  
50 t o  100 km and  more.   Their  width  generally  amounts  to  several  km. The 
ma jo r i ty   o f   t he   f i s su res  are s i t u a t e d  on the   sur face   o f   the   seas  and a t  the 
f l o o r s   o f  craters submerged i n   l a v a .  The formation of t h e s e   f i s s u r e s  i s  
e v i d e n t l y   r e l a t e d   t o   t h e   c o o l i n g  and shr inkage of t he   l ava   l aye r .  Such 
f o r   i n s t a n c e  is the   sys tem  of   f i s sures   on   the   f loor   o f   the   Alphonsus  
crater   which i s  approximate ly   concent r ic   to  i t s  embankment, or   the   system 
o f   eche lon   f i s su res   a long   t he   su r f ace   o f  Mare T r a n q u i l l i t a t i s .  The 
l a t t e r  ( l i k e  many others)   have a p l ana r   f l oo r .   Ku ipe r   exp la ined   t h i s  
phenomenon w i t h   t h e   t h e o r y   t h a t   t h e   c r a t e r s  were f i l l e d   w i t h   l i q u i d   l a v a  
dur ing   the   per iod   of   f i s sure   format ion .  

Systems  of f i s s u r e s   a l s o   e x i s t   t h a t  are concen t r i c  and r a d i a l   t o  
t h e   c i r c u l a r  seas. The formation  of   these  systems of c rev ices  i s  u n - L U  
doubtedly   re la ted   to   the   format ion   of   the  seas. The three  arc-shaped 
f i ssures   s t re tch ing   a long   the   wes te rn   edge   of  Mare Humorum.and t h e   r a d i a l  
crevices  which  emanate  from Mare Imbrium incompassing  the  Alpine  val ley 
and t h e   s o - c a l l e d   S t r a i g h t  Wall, are examples o f   t h i s   c o n f i g u r a t i o n .  

The f i s s u r e s  of   the  above  indicated  type  do  not   exhibi t   percept ible  
d i f f e r e n c e s   i n   t h e   h e i g h t  of both r i m s .  The only   except ion  i s  the  
S t r a i g h t  Wall. It c o n s i s t s  of  an embankment 220 t o  370 meters   high 
extending  a long a d i s t ance   o f  500 km [Ashbrook  (Ref. 5 6 ) ] .  However, the  
wall of   the embankment i s  n o t   v e r t i c a l  as i s  sometlmes  claimed i n   t h e  
l i t e r a t u r e ,   b u t   c o n s i s t s  of a gen t l e   s lope ,   t he   l nc l ina t ion   o f   wh ich  i s  
only 1s" . 

F i n a l l y ,  a t h i r d   v a r i e t y  of f i ssures   mus t   be   cons idered .   This  i s  
exemplif ied by the  system of crevices   which  surrounds  the  plateau  of  
Archimedes,  which i s  a large  polygonic   sect ion  near   the  Archimedes  crater ,  
t h a t  i s ,  s l i g h t l y   r a i s e d  above the   sur rounding   sur face .   Hor izonta l  
d i sp lacements   a long   f i s sures  are,  as a ru l e ,   no t   obse rved .  Only two or  
t h ree   ca ses   o f   such   sh i f t s   a r e  known. 

46.  Besides   the  narrow  f issures   on  the  surface  of   the Moon, there  
e x i s t  wide  furrows  and f l a t   v a l l e y s .   I n   t h e   c e n t r a l   r e g i o n   o f   t h e   l u n a r  
d i sc ,   t he   ma jo r i ty   o f   t hese   fo rma t ions  are o r i e n t e d   r a d i a l l y  t o  Mare 
Imbrium. The f u r r o w s ,   p a r t i c u l a r l y  when they  extend  a long  the  highest  
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poin ts   o f   the   lunar  re l ief ,  obvious ly   o r ig ina ted   dur ing   the   format ion   of  
the  Mare Imbrium when enormous  fragments were e j e c t e d   i n  a nea r ly   ho r i -  
z o n t a l   d i r e c t i o n .  The r a d i a l   v a l l e y s   c o u l d   h a v e   o r i g i n a t e d   e i t h e r  as 
voids   be tween  ne ighbor ing   rad ia l   r idges ,   o r  as a r e s u l t  of the  accumula- 
t i o n   o f   f a l l i n g   d e b r i s   d e p o s i t e d  a t  s u f f i c i e n t l y  low v e l o c i t y   n o t   t o  
produce   an   explos ive   ac t ion   bu t   to   c rea te  a canyon i n   t h e  form  of a 
drawn-out c r a t e r .  It i s  necessa ry   t o   no te   t ha t   desc r ip t ions   o f  similar 
formations  presented by var ious   au thors  and the  terminology  used are q u i t e  
dependent upon assumptions  concerning  the  mechanism  of  origination  for 
these  furrows and v a l l e y s .  

47. On the   su r f ace  of the  shallow  (submerged) seas and   c i rcuses ,  
one   no t ices   l ava  domes i n   t h e  form  of c i r c l e s   o r  sometimes ova l s .  A t  the  
pinnacles  of 10 t o  15 o f   t hese   c i r cu la r  domes,  whose diameters  are 5 t o  
10 km, t i n y   c r a t e r s  are no t i ceab le  a t  t he  limit o f   v i s i b i l i t y ,   t h a t  i s ,  
wi th  a diameter of about 0 .5  km. The angles  of t he   s lopes  of t hese  domes 
are 5 t o  8 O ,  t h a t  i s ,  they are similar to   Ea r th   vo lcanos  formed by l i q u i d  
b a s a l t   l a v a .   T h e r e   e x i s t s  a bas is   for   the   assumpt ion   tha t   these   format ions  
are i n   f a c t   e x t i n c t   l u n a r   v o l c a n o s  of the  type  found i n  H a w a i i .  

The f a c t   t h a t  no c r a t e r s  were observed  on  the  pinnacles  of some of 
the  domes can  be  explained on the   bas i s  of t h e i r   p o s s i b l e  small dimensions. 
The s ta tement  made by Arthur  ( R e f .  2) t h a t   c e r t a i n  domes are topped by 
pro tuberances   ra ther   than  by craters lacks   conf i rmat ion .  

V I I I .  O r i g i n ,   I n t e r n a l   S t r u c t u r e ,  and  Thermal 
Hi s to ry  of the  Moon 

4 8 .  Unt i l   the  1 9 4 0 ' s ,  dur ing   the  era of  the  cosmogonic  hypotheses, 
i t  was p o s t u l a t e d   t h a t   t h e   E a r t h  and the  planets  were formed  from  molten 
coagula of matter.  An i d e n t i c a l   o r i g i n  was a s c r i b e d   t o   t h e  sa te l l i t es  of 
the   p lane ts   inc luding   the  Moon. The formation  of   the Moon was explained 
on the   bas i s   o f   Darwin ' s   hypo thes i s ,   a l t hough   t h i s   hypo thes i s  was found t o  
be  erroneous  long  ago.  According  to-  this  hypothesis , t he  Moon w a s  separa ted  
from t h e   r a p i d l y   r o t a t i n g   m o l t e n   E a r t h .  The thinness   of   the   Earth 's   core  
a t  the  bot tom  of   the  Pacif ic  Ocean  and the  absence  of a g r a n i t e   l a y e r  
provided a bas i s   fo r   t he   a s sumpt ion   t ha t   t he  Moon emanated  from a s p o t   i n  
t h e   P a c i f i c  Ocean.  Darwin's  hypothesis w a s  pr imari ly   based  on  his   inves-  
t i g a t i o n  of the  equi l ibr ium  shapes  of  a ro ta t ing   l iqu id   mass .   Accord ing  
t o   h i s   f i n d i n g s ,  a mass wi th  a s u f f i c i e n t l y   h i g h  rate o f   ro t a t ion   cou ld  
separate somehow i n t o  two unequal masses. One of  the masses would begin 
t o   r o t a t e   a b o u t   t h e   o t h e r  a t  a small d i s t a n c e  apar t .  Second,  the  Darwin 
hypothesis  is  a l so   based   on   h i s   inves t iga t ions   o f   the   resonance   f luc tua-  
t i ons   o f  a r a p i d l y   r o t a t i n g   l i q u i d   E a r t h   o u t  of wh ich   a rose   t he   poss ib i l i t y  
of a coincidence  between  the  per iod  of  i t s  own f l u c t u a t i o n  and the  per iod  of  
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so l a r   t i des .   Darwin ' s   ana lyses   o f   equ i l ib r ium  shapes  were ques t ioned   i n  
the  work of A .  M. Lyapunov,  and a t  one t i m e  the  answers were d i spu tab le .  
However, t h e   v a l i d i t y   o f  A. M. Lyapunov's work w a s  es tab l i shed   long   ago ,  
and  Darwin's  deductions, as w e l l  as t h e   s u p p o r t i n g   r e s u l t s  of Jeans 
(Cartan)  (Ref.  60) and L i t t l e t o n  ( R e f .  88) were shown t o  be   incor rec t .  
Darwin ' s   research   on   the   resonance   f luc tua t ions  w a s  based on the  use  of 
l inear   approximat ion  and d id   no t   t ake   i n to   cons ide ra t ion   t he   d i s s ipa t ive  
fo rces   t ha t   occu r  a t  l a rge   f l uc tua t ion   ampl i tudes .  As  J e f f r ey ' s   (Re f .  
82) showed, the   ampl i tude   o f   the   f luc tua t ions   o f   the   l iqu id   Ear th   could  
not  have  exceeded 20 km, i . e . ,  even   i f   they   d id   ex is t ,   they   could   no t   have  
p layed   any   k ind   of   ro le   in   the   separa t ion   of   the  Moon. Furthermore,   inves- 
t i g a t i o n s  of the   ocean   f loors  showed t h a t   t h e   P a c i f i c  Ocean has  the same 
f l o o r   s t r u c t u r e  as the  other   oceans.   Nevertheless ,   the   hypotheses   con-  
cern ing   the   separa t ion   of   the  Moon f rom  the   Ear th   to   th i s   t ime  cont inues  
t o  be considered by c e r t a i n   a u t h o r s  as though i t  had a s c i e n t i f i c   f o u n -  
da t ion .  

49.  A t  p re sen t ,   an  overwhelming m a j o r i t y  of t h e   i n v e s t i g a t o r s   i n  
t he   a r ea   o f   p l ane ta ry  cosmogony c o n s i d e r   t h a t  a l l  t he   p l ane t s   o r  a t  l e a s t  
t he   p l ane t s   i n   t he   Ea r th ' s   g roup  were formed  through  the  accumulation  of 
cold  bodies  and p a r t i c l e s  and  were i n i t i a l l y   c o l d   t h e m s e l v e s  (0. Yu. 
Schmidt,  Urey,  Kuiper,  Hoyle,  Gold). It i s  assumed t h a t   t h e  Moon was 
formed in  an  analogous  manner.  However,  no ma t t e r  how s t r ange  i t  may 
seem, the  assumptions on t h e   o r i g i n  of the  Moon are c l o s e l y   r e l a t e d   t o  
the  problem  concerning  the  nature  of  the  dense  nucleus  of  the  Earth.  

I f  i t  is  assumed tha t   the   nuc leus  of t h e   E a r t h   c o n s i s t s  of i r o n ,  
3 then i t  appears t h a t   t h e  Moon, w i th  i t s  small mean d e n s i t y ,  3 . 3 3  gm/cm 

cannot   contain as much i r o n  as t h e   E a r t h ;   i . e . ,  i t  has a d i f f e r e n t  /137 
chemica l   composi t ion .   In   th i s   case ,  i t  could  not  have  been formed 
s imultaneously  with  the  Earth from the same subs tance .  A suppor te r  of t h i s  
point  of  view, Urey (Ref.  52) proposed  that   the  Moon was formed a t  some 
d i s t ance  from the   Ear th .   This   p rovides   an   explana t ion   for   the  Moon's 
d i f f e ren t   compos i t ion .  The Moon was subsequent ly   captured by the  Earth 
in   t he   cou r se   o f  a near  approach. However, t he   p robab i l i t y  of  capture 
as Urey himself   recognizes  i t ,  is  ve ry  small. I n   a d d i t i o n ,  i t  i s  very  
u n l i k e l y   t h a t   t h e  Moon t r a v e l e d   i n  a p l a n e   n e a r   t h a t   o f   t h e   e c l i p t i c   i n  
a manner t o  be   cap tu red   i n to   an   a lmos t   c i r cu la r   o rb i t .  

I f ,   i n   a c c o r d a n c e   w i t h  Ramsey's hypotheses ,   the   nucleus of the 
Ear th  is  assumed t o   c o n s i s t  of s i l i c a t e s  which  have  passed  into a m e t a l l i c  
s t a t e  under   the  inf luence  of   high  pressure,   then  the Moon and the   Ear th  
should be of similar composi t ion ,   which   would   readi ly   expla in   the i r  
s imultaneous  formation.   This   leads  to   the  concept   that   the  Moon was 
formed  from a c lus t e r   o f   bod ie s  of various  dimensions  which  surrounded 
the   Ear th   dur ing   the   per iod   of  i t s  formation.  
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0. Yu. Schmidt  (Ref. 51) assumed t h a t   t h i s   c l u s t e r  was formed as 
a r e s u l t   o f   i n e l a s t i c   c o l l i s i o n s   o f   b o d i e s   w h i c h   t o o k  place i n   t h e  
v ic in i ty   o f   the   g rowing   Ear th  and  which  helped  form  the  Earth. V. V. 
Radziezsky  (Ref. 32) proposed a mechanism for   the  merging of p a r t i c l e s  
based  on  the  increase  of   the   Earth 's  mass. As E .  L. Ruskol  (Refs.  35, 
3 6 )  showed, the  mechanism  of 0. Yu. Schmidt i s  fu l ly   capable   o f   p rovid ing  
for   the   format ion   of  a c l u s t e r  of par t ic les  o f   s u f f i c i e n t  mass o r b i t i n g  
the   Ea r th ,  a t  a time when the  V. V .  Radzievskiy  mechanism  exerts  very 
l i t t l e  in f luence .  

50. The densi ty   of   the   c luster   of   bodies   which was captured as a 
r e s u l t  of i ne l a s t i c   co l l i s ions   shou ld   have   dec reased   sha rp ly  as a func t ion  
of   d i s tance   f rom  the   Ear th ;   therefore   the  Moon should  have  been  formed i n  
the  dense p a r t  o f   the   c lus te r  5 t o  10 times c l o s e r   t o   t h e   E a r t h   t h a n  i t s  
p resen t   pos i t i on  [Ye. L. Ruskol  (Ref.  36)]. The Moon subsequen t ly   sh i f t ed  
t o  i t s  p resen t   pos i t i on   i n   consequence  of t i d a l   i n t e r a c t i o n   w i t h   t h e  
Ear th .  The inc rease   i n   t he   d i ame te r   o f   t he  Moon's o rb i t   occu r red  re la-  
t i v e l y   r a p i d l y  a t  f i r s t ,   b u t  i s  cur ren t ly   changing  a t  a very  slow ra te .  

This  mechanism i s  i n  agreement  with  the commonly accepted  theory 
of   the   t ida l   evolu t ion   of   the  Earth-Moon  system;  but  contrary  to  the 
Darwin hypotheses,  a t  the  beginning of t h e   t i d a l   e v o l u t i o n   t h e  Moon was 
loca ted   no t   w i th in   t he  Roche l i m i t  , b u t   r a t h e r   o u t s i d e  i t .  

51. The formation  of   the Moon from a nea r   Ea r th   c lus t e r  of 
par t ic les  p e r m i t s  us t o   c o n d i t i o n a l l y   s u b d i v i d e   t h e   h i s t o r y   o f   t h e   s u r f a c e  
bombardment of   the  Moon in to   the   fo l lowing   th ree   immedia te ly   consecut ive  
s tages :  

1) The  bombardment in   t he   p rocess   o f   t he  main  accumulation of 
the  Moon which  should  have  ceased  within 3-5 - 10 yea r s   a f t e r   t he   beg inn ing  
of  the  accumulation  because  of  the  exhaustion of the material i n   t h e  
"zone  of  nurishment"  of  the Moon; 
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2) The bombardment  due t o   t h e   i n c r e a s e   i n   t h e   l u n a r   o r b i t   r a d i u s ,  
which  should  have  ceased  within 1-2 . l o 9  years  due t o   t h e  Moon's depar- 
t u r e  from  the  dense p a r t  o f   t he   nea r   Ea r th   c lus t e r .  /138 

3) The s t i l l  cont inuing  bombardment  by bod ies   t ha t  travel along 
h i g h l y   e l i p t i c a l   o r b i t s   a b o u t   t h e  Sun (small a s t e r o i d s  and  comet n u c l e i ) .  

During  the f i r s t   s t a g e  of  bombardment  and i n   t h e   b e g i n n i n g  of  the 
second  s tage,   the  Moon's i n t e r i o r  was s t i l l  s o l i d .  However, the  second 
s t age   l a s t ed   fo r   such   an   ex tended   pe r iod  of t i m e  t h a t   t h e   i n t e r i o r  of t he  
Moon had t i m e  t o   h e a t  up and become p a r t i a l l y   m o l t e n  (see Sec t ion   52 ) .  
The traces o f   t h e   f i r s t   s t a g e  are barely  preserved.   In   the  beginning  of  
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the  second  stage,   ancient  "pre-marine" craters should  have  been  formed. 
A t  the  end, of   the  second  s tage,   the   lunar  seas, c i r c u s e s  submerged i n  
l ava ,  and  "marine" c ra te rs   in   genera l   should   have   been   formed.   In   the  
t h i r d   s t a g e ,   t h e   " p o s t - m a r i n e "   c r a t e r s ,   p a r t i c u l a r l y  a l l  the  craters on 
the   sur face   o f   the  seas, were formed. A t  t he  end o f   t h i s   t h i r d   s t a g e  , - 
cosmogonica l ly   qu i te   recent  - the  craters wi th   rays  were formed. 

The d i f f e r e n c e s   i n   t h e   v e l o c i t i e s  and the  nature   of   the   bodies  
which  bombarded the  Moon shou ld   have   c r ea t ed   t he   d i f f e rences   i n   t he  
charac te r   o f   the   c ra te rs   engendered  by the i r   impac t s .   Dur ing   t he   f i r s t  
two s t a g e s  of bombardment of  the Moon, mainly  stoney  bodies from the  
nea r -Ea r th   c lus t e r ,   posses s ing  low s e l e n o c e n t r i c   v e l o c i t i e s   r e a c h e d   t h e  
s u r f a c e .  Even a f t e r   acce l e ra t ion   caused  by l u n a r   a t t r a c t i o n ,   t h e s e   b o d i e s  
impacted   the   sur face   wi th   ve loc i t ies   o f  3 t o  5 km/sec.   Since  the  transi-  
t i o n  from a pa r t i a l  to   an  a lmost   complete   explosion  takes  place i n   t h i s  
nar row  energy   in te rva l ,   the   in f luence  of the   impact   ve loc i ty  on the 
s t r u c t u r e  of   the   c ra te r  i s  s i g n i f i c a n t .   D u r i n g   t h e   t h i r d   s t a g e   o f  bom- 
bardment ,   the   veloci t ies   reached  meteoric   values   (up  to   72-73  km/sec) ,  
wi th   an   average   va lue   o f  20 t o  30 km/sec. Thus , the  "post-marine" 
c r a t e r s  would d i f f e r  somewhat from  the  "marine"  and  "pre-marine"  types. 
I n   a d d i t i o n ,   d i f f e r e n c e s   i n   t h e   s t r u c t u r e   o f   t h e   " p o s t - m a r i n e "   c r a t e r s  
produced  by  rocky  asteroids and g l a c i a l   n u c l e i  of  comets are poss ib l e .  

The secondary   c r a t e r s  were caused by ejected  f ragments   impact ing 
a t  v e l o c i t i e s   o f  1 t o  km/sec. The explos ive  phenomena were a f f e c t e d  by 
the s i m p l e  compression  and  displacement  of  the  surface material. Therefore ,  
many s e c o n d a r y   c r a t e r s   e x h i b i t  a somewhat drawn  out   shape,   ra ther   than 
b e i n g   c i r c u l a r .  

52.  The temperature of the Moon could  not   have  been  substant ia l ly  
increased  by impacts  of  bodies  which  contributed  to i t s  formation,  because 
h e a t  due to  impact was emi t ted  on the   sur face  and was e a s i l y   r a d i a t e d   i n t o  
space.  The " in i t i a l "   t empera tu re  of the Moon, which was e s t a b l i s h e d  a t  
the moment of   the  pract ical   complet ion  of  i t s  formulat ion,   has   been  deter-  
mined  on  the  basis  of i t s  r ad iogen ic   hea t .  The cent ra l   reg ions ,   which  
were t h e   f i r s t   t o  be  formed  had s u f f i c i e n t  time to   r each   h ighe r  tempera- 
tu re s   t han   t he   ex te rna l  p a r t s ,  which  had  only  recently  been  formed. 

The ave rage   con ten t   o f   r ad ioac t ive   e l emen t s   i n   t he  Moon as /139 
wel l  as the   ave rage   con ten t   i n   t he   Ea r th  i s  assumed to   be   t he  same as the 
average   conten t   in   meteors .  The l a t t e r ,  un l ike   t he   Ea r th ' s   rock  forma- 
t i ons  are specimens of a n o n - d i f f e r e n t i a t e d   s i l i c a t e   s u b s t a n c e .   I f   t h e  
formation  of   the Moon took  place  during a period  of 3 t o  5 - 10  years ,  
then,   wi th  the  present  (low) eva lua t ions   o f   the   conten t   o f   rad ioac t ive  
e l emen t s   i n   me teo r i t e s ,  i t  i s  found t h a t   t h e   " i n i t i a l "   t e m p e r a t u r e   i n   t h e  
c e n t e r  of the MDon amounted to   abou t  50OoC.  

8 
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Ca lcu la t ions  of t he   fu r the r   evo lu t ion   o f   hea t   o f   t he  Moon by 
rad iogenic  means [B .  Yu. Levin  and S. V. Mayeva (Ref.  24); B. Yu. Levin 
(Ref.  23)] show t h a t   w i t h i n  1 t o   1 . 5  - l o9  y e a r s   a f t e r  i t s  formation,  i t s  
in t e r io r   shou ld   have   been   pa r t i a l ly   me l t ed .   S ince   t he   p re s su re   i n   t he  
i n t e r i o r   o f   t h e  Moon i s  small, t h e   m e l t i n g   s i g n i f i e d   t h e   t r a n s i t i o n  of 
matter i n t o  a l i q u i d  s ta te  and  should  have  been  accompanied  by a d i f f e r e n -  
t i a t i o n   i n   d e n s i t y  and  by i t s  chemical  composition. 

I n   t h e  case of a g rea t e r   con ten t  of rad ioac t ive   e lements  , the  
me l t ing  would  have  occurred earlier w i t h i n   0 . 5   t o  1 lo9  y e a r s   a f t e r   t h e  
beginning  of  the  accumulation and  would  have  been,  not pa r t i a l ,  b u t  
complete.   Since  the  evolution  of  heat and the   mel t ing  were accompanied  by 
a d e c r e a s e   i n   d e n s i t y   o f   t h e  matter , t h i s   m i g h t   h a v e   l e d   t o   t h e   i n s t a b i l i t y  
of   the   ex te rna l   r ig id   l ayer .   This   l ayer   should   have   been   comple te ly  
broken and submerged  under t h e   f l o o r   o f   l a v a .  However, t he   da rk   l ava  maria 
occupy  only a p a r t  o f   t he   l una r   su r f ace  and   the   b r ight   cont inenta l   reg ions  
probably are remainders   o f   the   " in i t ia l "  matter deposits  [Kuiper  (Ref.  86) j  

I n   t h e  case of a pa r t i a l  me l t ing ,  which i s  more probable ,   the  
i n s t a b i l i t y  of the   ex te rna l   l ayer   should   have   been   s ign i f icant ly  less.  
Therefore,   the  formation  of  the  lava  eruptions  ("maria")was  not  spon- 
taneous   bu t   ra ther  was evoked  by t h e   f a l l i n g  of la rge   "p lane tes imals"  on 
the  Moon. 

The decrease   o f   the   over -a l l   quant i ty  of rad ioac t ive   e lements   due   to  
t h e i r   d i s i n t e g r a t i o n ,   t h e i r   r i s i n g   t o   t h e   s u r f a c e   i n   t h e   c o u r s e  of the 
d i f f e r e n t i a t i o n  of t h e   i n t e r i o r  which f a c i l i t a t e d   t h e   e s c a p e  of h e a t   i n t o  
space ,  and a l s o  a s i g n i f i c a n t  loss of tempera ture   dur ing   lava   e rupt ions  

(3  to   3 .5)  * 10 years   ago   has   l ed   to  a t r a n s i t i o n  from  the Moon's h e a t i n g  
t o  i t s  c o o l i n g   o f f .  The present   d i s t r ibu t ion   of   the   t empera ture   o f   the  
Moon i s  dependent   pr imari ly  upon t h e   p r e s e n t   d i s t r i b u t i o n  of i t s  r ad io -  
ac t ive   e lements .  Most probably,   the Moon i s  now e n t i r e l y   r i g i d .  Even i n  
the case of a s ign i f i can t   con ten t   o f   r ad ioac t ive   e l emen t s   i n   t he  Moon's 
i n t e r i o r ,   t h e   e x t e r n a l   l a y e r s  down t o  a depth  of 500 t o  700 km prove   to  
be r i g i d .  
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53. The evo lu t ion   o f   hea t  of the   lunar   in te r ior   should   have   been  
accompanied  by t h e i r   d e g a s i f i c a t i o n .  The e x t e n t   o f   t h i s  phenomenon w a s  
dependent  on  the  poorly known content  of  gases and v o l a t i l e  matter i n   t h e  
primary  lunar  substance.   Because  of  the s m a l l  force  of   gravi ty   on  /140 
t h e  Moon, the   gases  are r e l a t i v e l y   q u i c k l y   d i s p e r s e d   i n t o  space, wi thout  
forming a stable   a tmosphere  (see  Sect ion 7 ) .  

The e jec t ion   of   the   gases   which  was observed  by N.  A. Kozyrev  (Ref. 
19) shows tha t   even   dur ing   the   per iod   of   hea t   evolu t ion  of the Moon, no t  
a l l  of   the  gases   reached  the  surface , but  p a r t  of them s t i l l  remains i n  
the  Moon's i n t e r i o r .  
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C e r t a i n   a u t h o r s ,   f o r  example  Green  (Refs. 10, 7 6 ) ,  connect  the 
formation  of   the craters w i t h   t h e   d e g a s i f i c a t i o n   o f   t h e  Moon, cons ider ing  
the  former as formations  of  a type  of   caldera  . However, t he  form  of  the 
craters and the   g igant ic   d imens ions   tha t  many of them have  cannot  be 
explained by such a process .   But   the  exis tence  of  small ca lderae   on   the  
summits of lava domes is not  excluded (see S e c t i o n  4 7 ) .  

5 4 .  The heat   evolut ion  of   the  lunar   inter ior   should  have  evoked 
a n   i n c r e a s e   i n   t h e  Moon's radius   of  5 t o  15 km ( r e l a t i v e   t o   t h e   v a l u e  of 
the  coeff ic ient   of   thermal   expansion [Mac Donald (Refs.  90, 9 1 ) ] .  The 
s t r e t c h i n g  of t h e   e x t e r n a l   l a y e r  by the  expanding  inter ior   probably was 
not  accompanied by the   format ion   of   l a rge   f i s sures   o f  a p l a n e t a r y   s c a l e  
a t  t h a t  t i m e ,  t h i s   e x t e r n a l   l a y e r  s t i l l  cons i s t ed  of a poorly  consol idated 
matter d e p o s i t .   I f  any f i s s u r e s  were formed r ega rd le s s ,   t hen  on the 
con t inen t s   t he re  was t i m e  f o r  them t o   f i l l  up dur ing   the   format ion   of   the  
c r a t e r s  and  of the   meteor ic   e ros ion ,  and  on the seas they  were  covered 
wi th   l ava   e rup t ions .  

Dur ing   the   cool ing   s tage ,   the   shr inkage  of t he   r ad ius  was i n s i g -  
n i f i c a n t   s i n c e   t h e   i n t e r i o r  of  the Moon today i s  hot   a l though i t  i s  not  
r i g i d .   P r i m a r i l y ,   c o o l i n g  and  shrinkage  of  the  external  layers  which 
res ted   on   the   s lower   cool ing   inner   l ayers ,   occur red .   This   should   have   led  
and cont inues   to   l ead   to   the   accumula t ion   of   thermo  e las t ic   s t resses  
(mainly  expanding)  which  ceased by the   format ion   of   in te rna l   e rupt ions .  
Their  formation  should  be  accompanied  by seismic j o l t s .  

The absence  of a subs t an t i a l   sh r inkage  of the Moon's rad ius   dur ing  
the  last  2 t o  3 b i l l i o n   y e a r s  is confirmed i n  view  of i t s  su r face  - because 
of  the  absence  on i t  of   folded  formations and  by the  almost  complete a 
absence   o f   no t i ceab le   ho r i zon ta l . sh i f t s  of i nd iv idua l   po r t ions  of l aye r s  
[Mac Donald (Refs.  90,  9 1 ) ] .  (Mac Donald be l i eves   t ha t   t he   r e spec t ive  
s h i f t s  go qu i t e   unno t i ced .  However, A .  V. Khabakov (Ref. 4 6 )  presen t s  as 
an  example  the Capella c r a t e r   d i v i d e d  by a crack  along  which a s h i f t   o f  
6 t o  7 km occurred) . 

On the   p resent   sur face   o f   the  Moon, t h e   f i s s u r e s  are observed  only 
i n   t h e  seas and i n   t h e   l a v a - f i l l e d   c i r c u s e s ,  i . e . ,  where a s t a b l e   l a y e r  
of   cool ing and ha rden ing   l ava   ex i s t ed .  

The presence  of  c ra te rs ,  s i t u a t e d   i n   t h e   c e n t e r  of a s t a r - l i k e  
p a t t e r n   o f   f i s s u r e s   o r   i n   t h e   c r a c k e d  areas, and the   g rea t e s t   w id th  of the 
c rev ice   i nd ica t e s   t he   fo rma t ion  o f   t hese   f i s su res  as a r e s u l t  of the 
impact  of a c ra te r   forming  body i n t o  an  expanded  surface area. Along  with 
th i s ,   s ince   the   explos ion   which   c rea ted   the  craters damages the  / 141 
ent i re   sur rounding   ground,   cases  are possible   where  the  f issures   passing 
through  the   c ra te rs  were formed a f t e r   t h e   c r a t e r .  

. .. .. . . - ." ." .. . . . .. . . .. . 
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55.  Observations  with  the  help  of  cosmic  rockets  have shown t h a t  
the  Moon does  not  have a not iceable   over-al l   magnet ic   f ie ld   [Sh.   Sh.  
Dolginov  (Ref. 12)]. This  agrees  with  present  assumptions  concerning 
the  absence  of a l i q u i d   n u c l e u s   i n   t h e  Moon. 

I f   t h e  Moon con ta ins ,  as do the   me teo r i t e s ,   abou t  10% i r o n  and i f  
t h i s   i ron   cou ld   have   f l owed   t o   t he   cen te r   du r ing   t he   d i f f e ren t i a t ion  and 
could  have  formed a l iqu id   nuc leus ,   t hen   w i th  a more probable   content   of  
rad ioac t ive   e lements  i t  could  have  hardened la ter .  I f  i t  had  remained i n  
a l i q u i d  s ta te ,  i t  is  scarcely  probable   that   convect ive  motions  necessary 
fo r   t he   c r ea t ion   o f  a magnet ic   f ie ld ,   could   ex is t   in   th i s   nuc leus ,   which  
is  almost  void o f  r ad ioac t ive   hea t   sou rces  and  which is  surrounded  by a 
rock  cover   containing  such  sources .  

However, t he  low d e n s i t y  of t he  Moon and c e r t a i n   g e o p h y s i c a l   d a t a  
are in   f avor   o f   t he   hypo theses   t ha t   i n   t he  Moon and Ear th ,   un l ike  
m e t e o r i t e s ,   p r a c t i c a l l y  a l l  of   the  i ron i s  found i n   t h e   o x i d e  s ta te  
[Urey  (Ref.  52) 1. I n   t h i s   c a s e   t h e r e  i s  abso lu te ly  no b a s i s   i n   e x p e c t i n g  
the   p resence   o f   an   over -a l l   magnzt ic   f ie ld  on the  Moon. 

56.  The ob la t e   na tu re   o f   t he  Moon's dynamic contour,   which i s  i t s  
main dev ia t ion  from equi l ibr ium  can  be  explained by t h e   f a c t   t h a t   t h e  
Moon hardened  during a s ta te  of f r e e   r o t a t i o n  [B .  Yu. Levin  (Ref. 22) ] .  
In   such  a case, t h i s   r o t a t i o n  was dece le ra t ed  la ter  on  due t o   t h e   d i s s i -  
pa t ion  of energy   dur ing   t ida l   deformat ions  of the Moon's a l r e a d y   r i g i d  
body.  Hence, t h e   r h e o l o g i c   c h a r a c t e r i s t i c s  of t he  Moon's substance are 
such   t ha t   t hese   de fo rma t ions   do   no t   occu r   i n   pe r f ec t   e l a s t i c i ty  
( ana logous   cha rac t e r i s t i c s   o f   t he   Ea r th ' s   subs t ance  were explained by 
N.  N. Pariyskiy  (Ref .  29) d u r i n g   h i s   s t u d y   o f   s o l i d   i n f l u x e s   i n   t h e  
E a r t h ) .  

5 7 .  S i n c e   t h e   p r e s s u r e   i n   t h e   i n t e r i o r  of t he  Moon i s  s m a l l  (even 
i n   t h e   c e n t e r ,  i t  amounts t o   a b o u t  50,000 atmospheres, i . e . ,  i t  corresponds 
t o   t h e   p r e s s u r e   i n   t h e   E a r t h  a t  a depth  of  about  150 km), the   mel t ing  
t empera tu re   on ly   s l i gh t ly   i nc reases  f rom  the   sur face   to   the   cen ter .  
Therefore ,   the  par t ia l  me l t ing  and d i f f e ren t i a t ion   shou ld   have  encompassed 
p r a c t i c a l l y   t h e   e n t i r e  Moon (wi th   the   except ion   ev ident ly   o f   the   "cont i -  
nental"   regions  of   the   external   layer) .   According  to   the  geochemical   data ,  
from t h e   s i l i c a t e   s u b s t a n c e   o f  a me teo r i t e   t ype ,  i t  i s  q u i t e   p o s s i b l e   t o  
m e l t  up t o  15%  of t h e   l i g h t  s i l i c i c  substance  which is  similar t o   t h e  
s u b s t a n c e   i n   t h e   E a r t h ' s   c o r e  [A. P . Vinogradov  (Refs. 7 ,  8) . Therefore 
on the  Moon, the  s i l i c i c  substance  with a dens i ty   o f   about  2 .8  gm/cm3 
can amount t o  10 t o  15% of  i t s  mass. I f  a l l  of i t  were r a i s e d   t o   t h e  
su r face ,   hav ing   subs t i t u t ed   t he   i n i t i a l   subs t ance   depos i t ,   t hen   t he  Moon's 
core  would  have  been  formed  with  the  thickness  of 80 t o  100 km. However 
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the  presence  on  the Moon of   the  "seas" and the   "cont inents"   forces  us /142 
t o  assume tha t   t he   p rocess   o f   d i f f e ren t i a t ion   d id   no t   r each   comple t ion  up 
t o   t h e  t i m e  of   the Moon's hardening. 

I f   t h e  Moon's i n t e r i o r   s u b s t a n c e  was e n t i r e l y  homogeneous  and 
loca ted   under   i so thermic   condi t ions ,   then  i t s  d e n s i t y  would  have  increased 
t o   t h e   c e n t e r  by 2 t o  55 r e l a t i v e  t o  the   p ressure   increase .  However, the 
temperature   increase  with  depth i s  greater   than  the  compensat ion  of   the 
pressure   increase  so t h a t  a d e c r e a s e   i n   d e n s i t y   w i t h   d e p t h  would  have  been 
found i n  a homogeneous subs tance ,  i . e . ,  i t  would  have become uns tab le  
[S. V. Kozlovskaya  (Ref. la)]. One can assume t h a t  a small concen t r a t ion  
of   heavier   subs tances   to   the   cen ter ,   c rea ted  by d i f f e r e n t i a t i o n   l e d   t o  
t he   nea r ly  homogeneous d e n s i t y  of a l l  t h e   l u n a r   i n t e r i o r   o r ,   i f   t h e r e  is 
an   i ron   nuc leus   i n  i t ,  t o  an  almost homogeneous densi ty   of   the   cover  
(mantel)   of  the Moon. 
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ON THE PROBLEM OF THE MOON'S INNER STRUCTURE / 145 

S .  V .  Kozlovskaya 

A number of  models, made of   o rd inary  s i l i ca t e s  which are 
c h a r a c t e r i s t i c   f o r   t h e   E a r t h  and me teo r i t e s  , are calculated.   These 
models are d iv ided   i n to  two groups: homogeneous  models  and those  with 
a l i g h t e r   c r u s t ,   c o n s t i t u t i n g   5 ,   1 0 ,  and  15%  by t h e i r  mass, f o r  two 
va lues  of compress ib i l i t y .  The decrease  of   the Moon's d e n s i t y  as a 
r e s u l t   o f   h e a t i n g  up o f   t h e   i n t e r i o r  and the  decrease  of   the  values   of  
compress ib i l i t y  and  the  coeff ic ient   of   thermal   expansion are  eva lua ted .  
Under these   cond i t ions ,  we have   e i the r  a s tab le   o r   an   uns tab le   model .  
The i n n e r   s t r u c t u r e   o f   t h e  Moon i s  approximated by the  two-layer  model, 
wi th  a s h e l l   t h a t  i s  inhomogeneous in   compos i t ion   bu t   cons t an t   i n  
dens i t y  . 

An a t t e m p t  i s  made i n   t h i s  p a p e r ,  to   f ind   ou t   which   deduct ions  
can  be  drawn  concerning  the  inner  structure  of  the Moon, on t h e   b a s i s  
of p re sen t   da t a   on   t he   p rope r t i e s   o f   rock   fo rma t ions  and on  the  thermic 
h i s to ry   o f   t he  Moon. 

Much d a t a  i s  ava i lab le   on   the   compress ib i l i ty  and t h e   c o e f f i c i e n t  
of  thermal  expansion of var ious  minerals  and rock   format ions   for   p ressures  
up to  50,000  atmospheres,  which are predominant i n   t h e  Moon's i n t e r i o r .  
It  i s  the re fo re   poss ib l e   t o   conduc t   d i r ec t   ca l cu la t ions  of lunar  models,  
made o f   o r d i n a r y   s i l i c a t e s .  It follows  from  cosmogonical  considerations 
t h a t   m e t e o r i t e s  are approximate ly   ind ica t ive   o f   the  matter content   of  
the   Ear th  and Moon.  The composition of i r o n   i n   c h o n d r i t e s  amounts t o  
about  10%. We d id   no t   cons ide r   t h i s  when we c a l c u l a t e d   t h e   s i l i c a t e  
models  of  the Moon. 

A s  i n   t he   p reced ing  works , (Refs.  1, 2)  the  models  of  the Moon are 
ca l cu la t ed  by  means of   the  numerical   in tegrat ion of the   equat ion  of 
hydros t a t i c   equ i l ib r ium.  The lunar  mass used i n   t h e s e   c a l c u l a t i o n s  i s  

accepted as being  equal   to   7 .32 10 gm, i t s  r ad ius  is  1738 km, and the 25 

mean dens i ty   3 .33  gm/cm . 3 

Isothermic  models  of  the Moon. A one-layer   model .   In   the  capaci ty  
of a f i r s t   a p p r o x i m a t i o n  w e  w i l l  c a l c u l a t e  a f u l l y  homogeneous Moon model, 

f o r  two values   of   compressibi l i ty:  $ = 1 - cm /dyne  and $ = 0.5 2 

2 1 2 
cm /dyne.  Within  these limits l i e s  t h e   c o m p r e s s i b i l i t y  of  those 
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minera ls  and rock  formations  (Ref.  3)  of  which  the- Moon should  be 
pr imar i ly  composed, i f   t h e   a s s u m p t i o n s   t h a t   t h e  Moon, Ea r th ,  and / 1 4 6  
meteor i tes   have   an   ident ica l   composi t ion  are c o r r e c t .  

The compress ib i l i t y   changes   i n s ign i f i can t ly   w i th in   t he   i n t e rva l  
of   pressures  up t o  50,000 atmospheres  (Ref.   3).   .Therefore,  by d i s -  
r e g a r d i n g   t h i s   r e l a t i o n s h i p ,  we c a n   c a l c u l a t e   t h e   d e n s i t y   a c c o r d i n g   t o  
the  fol lowing  formula 

where p is  the   dens i ty  a t  a normal  temperature  and  pressure, f! i s  the  

compress ib i l i t y ,  and P i s  the   p re s su re .  
0 

The c a l c u l a t i o n   h a s  shown t h a t   i n   t h e   c a s e   o f  $ i t  i s  poss ib l e  1 
t o   c o n s t r u c t  a lunar  model,  homogeneous i n   c o n t e n t s  from a substance  with 

a d e n s i t y  of p = 3.26 g/cm3 and i n   t h e   c a s e   o f  $ from a substance  with 

po = 3 .30  g/cm3 (Table 1). 
0 2 

The two-layer  model  of  the Moon. A s i n g l e - l a y e r  model  of the  
Moon i s  , of c o u r s e ,   f a r  f rom  the  t ruth.  The i n v e s t i g a t i o n s  on the  thermal 
h i s to ry   o f   t he  Moon (Refs.  4 ,  5) shows t h a t   t h e   i n t e r i o r   o f   t h e  Moon 
passed  through a s t a g e  of pa r t i a l  o r   even   fu l l   me l t ing .  On the   su r f ace  
of  the Moon, we  see traces of  enormous lava  f lows.  The melting  must  have 
caused a s t r a t i f i c a t i o n   o f   t h e  Moon and the  formation  of  a c rus t .   Th i s  
shou ld   be   t aken   i n to   cons ide ra t ion   du r ing   t he   ca l cu la t ion  of the  model. 

However, we do  not know what po r t ion  of  the Moon's mass i t s  
c r u s t   c o n t r i b u t e s .  Due to   the   var ia t ion   be tween  the  masses of  the  Earth 
and Moon and t h e   p r e s s u r e s   i n   t h e i r   i n t e r i o r s ,   t h e   p r o c e s s  of mat te r  
d i f f e r e n t i a t i o n  by d e n s i t y  and chemical  composition, i . e . ,  the  / 147 
processes   which  lead  to   the  formation of a c rus t ,   have   occur red  somewhat 
d i f f e r e n t l y   o n   t h e   E a r t h  and  on  the Moon. In   t he   ca se   o f   t he   Ea r th ,   t he  
d i f f e r e n t i a t i o n  i s  s t i l l  f a r  from complete and thus ,   the  mass of t he  
E a r t h ' s   c r u s t  i s  very  small, less than 14. Ca lcu la t ions  show t h a t  from 
meteoric   type matter , a maximum of  about 75 Si0   (Refs .  6 ,  7) can  be 
e x t r a c t e d .  A t  a f u l l   e x t r a c t i o n ,   t h e   E a r t h ' s   c r u s t   m i g h t   r e a c h  15$ by 
mass. 

2 

A t  low p r e s s u r e s   i n   t h e   i n t e r i o r   o f   t h e  Moon, the  melting  and 
the  escape  of   l ighter   substances  toward  the  surface  begins  a t  a s i g n i f i -  
can t ly   l ower   t empera tu re   t han   t he   t empera tu re   i n   t he   i n t e r io r  of  the 
Earth.   Thereby,  the  escape of l i gh t   subs t ances  is  f a c i l i t a t e d  by  the 
f a c t   t h a t   t h e   m e l t i n g  on the Moon s i g n i f i e s  a t r a n s i t i o n  of matter i n t o  



Mass of 
t h e   c r u s t ,  

% 

0 

0 

5 

5 

10 

10 

15 

Table 1. One-Layer  and Two-Layer Models of t he  Moon  Made of Substance 
wi th  a Constant  Compressibil i ty 

~ ~~~ ~ ~~~ 

Thickness 
of the  
c r u s t ,  km 

I 0 

0 

35 

35 

7 2  

7 2  

110 

B 
(compressi- 
b i l i t y )  of 
the  substance 
of the Moon, 
cm2 / dyne 

P (pressure)  
a t  the  base 
of t he   c rus t  
i n  atmospheres 

po (dens i t y  
a t  STP) of 

. the   substance 
below  the 
c r u s t  , gm/cm3 

a) Isothermic Models 
~~ 

- 
- 

15 70  

15 70 

3220 

3220 

4 930 

p (dens i ty) 
of t h e   s h e l l  
a t  the  base 
of t he   c rus t  
gm/cm3 

3.26  

3 .30  

3 .30  

3 .325  

3 . 3 3  

3 .365  

3.37 

~ 

- 
- 

3.305 

3 .326  

3 .341  

3 .370  

3.386 

b) Non-Isothermic  Models, a = 3 - lom5 deg-' 

p (dens i ty)  
i n   t h e  
center  , 
gm/cm3 

PC pressure 
i n   t h e  
c e n t e r ,   i n  
atmospheres 

3 . 4 3  

3 . 3 8  

3.47 

3 . 4 1  

3 . 5 0  

3 .46  

3 .55  

50 000 

50 100 
51  000 

5 2  000 

50  300 

50  700 

52 500 

- 

0 52 000 3.375 3 .345 1 * 0 
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a l i q u i d   v o l a t i l e  state. Therefore ,   wi th  a s u f f i c i e n t l y   g r e a t   c o n t e n t  
o f   r ad ioac t ive   e l emen t s ,  i t  i s  p o s s i b l e   t o  assume an  almost  complete 
d i f f e r e n t i a t i o n .   N e v e r t h e l e s s ,  it i s  poss ib l e   t ha t   such  a d i v i s i o n  w a s  
not   general .   Thus,   according  to   Kuiper   (Ref .  8) the   b r igh t   con t inen t s  
are a c t u a l l y   a n c i e n t   c r u s t   d e p o s i t s ,  i . e . ,  s ec t ions   o f   t he  Moon's non- 
d i f f e ren t i a t ed   subs t ance .  

The cons ide ra t ions   i nd ica t ed  above do not  p e r m i t  us t o   e v a l u a t e  as 
y e t   t h e   p o t e n t i a l  of t h e  Moon's c rus t .   The re fo re ,  we have   ca lcu la ted  
some two-layer  models  of  the Moon f o r   t h r e e   v e r s i o n s  of c r u s t   t h i c k n e s s ,  
wi th   the   assumpt ion   tha t   the   lunar   c rus t ,   having  a dens i ty   o f  p = 2 . 8  

gm/cm (exac t ly  as i n   t h e   E a r t h ' s   c r u s t ) ,  amounts t o  5 , 10  and 15% by 
mass. I n  any case, t h e  mass o f   t he   ac tua l   c rus t  of the  Moon should  not  
exceed  the  indic.ated  upper l i m i t .  The' models were ca l cu la t ed  from matter 
wi th  a c o n s t a n t   c o m p r e s s i b i l i t y   i d e n t i c a l  by c r u s t  and s h e l l   f o r  two 
values  of $. The c a l c u l a t i o n   h a s  shown t h a t   i n   t h e   t w o - l a y e r   s i l i c a t e  
models  of the Moon, t he   dens i ty  of   the   she l l   subs tance   can   be   qu i te   h igh .  
Immediately  beneath  the  crust ,   the   densi ty  i s  c lose   t o   o r   exceeds   t he  
mean d e n s i t y  of t he  Moon (Table 1) . 

3 0 

Lunar  models  with  the  consideration  of a temperature  change  along 
the   r ad ius .  We w i l l  however , examine the  inf luence  which  the  considerat ion 
o f   t empera tu re   has   on   t he   ca l cu la t ion   r e su l t s .  The dependence  of  density 
on  temperature t is determined by the  formula 

where a and p according  to   formulae (1) and (2) are determined by the 
fo l lowing   express ion  , 

The r e s u l t s  of   the   ca lcu la t ion   of   the   p resent   t empera ture   d i s t r i -  
b u t i o n   i n   t h e  Moon's i n t e r i o r   ( R e f .  5) depends e s s e n t i a l l y  on the  /148  
accep ted   concen t r a t ion   o f   r ad io -ac t ive   e l emen t s ,   on   t he i r   d i s t r ibu t ion ,  
and on h e a t   c o n d u c t i v i t y .   I n   t h i s  work, we have  found  the  temperature 
d i s t r i b u t i o n   a l o n g   t h e  Moon's rad ius   cor responds   to   the   average   va lues  
of t he  parameters which are examined i n   t h e  work (Ref. 5 ) .  The progress  
of  pressure and temperature   a long  the Moon's r ad ius  i s  shown i n  Table 2 
(Ro i s  the   r ad ius  of t he  Moon, r i s  the   d i s t ance  from i t s  c e n t e r ) .  
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Table 2 .  D i s t r i b u t i o n   o f   P r e s s u r e  and  'Temperature 
Along  the  Radius  of  the Moon Adopted 

f o r   C a l c u l a t i o n  - 
r / Ro 0 0 . 2  0 .4  0 . 6  0 . 8  1 .o 

t ,OC 1 450 1 420 1 360 1 185 800 0 

P ,  atm. 51 000 46 100 39 600 30 000 16  600 0 

S t r i c t l y   s p e a k i n g ,  i t  i s  necessa ry   t o   conduc t   t he   ca l cu la t ions  by 
way of   consecut ive   approximat ions   s ince   the   d i s t r ibu t ion  of pressure i s  
r e l a t e d   t o   t h e   d i s t r i b u t i o n  of d e n s i t y .  However, t h e   p r e s s u r e   d i s t r i -  
bu t ion  i s  v e r y   s t a b l e ,  as f a r  as var ious   suppos i t ions   on   the   inner  
s t r u c t u r e  are concerned , as can  be  seen  in   Table  1, where  the  pressures 
i n   t h e   c e n t e r s  of various  models are shown ( t h e   p r e s s u r e   v a r i a t i o n s  are 
a t  a maximum i n   t h e   c e n t e r ) .  As a comparison,   calculat ion  data   for  a 
non-isothermic model i s  g iven .   Therefore ,   in   Table  2 ,  the  mean pressure  
d i s t r i b u t i o n  i s  taken  graphical ly   f rom  the pressure d i s t r i b u t i o n  of  the 
models i n  Tab le  1. 

The non-isothermic  models  of  the Moon are c a l c u l a t e d   f o r   t h e  same 

va lues  of p and f o r  two values   of  a: a1 = 3 10 and a = 6 - 
deg . The va lue  of a obta ined   exper imenta l ly   for   o l iv ine   (Ref .  3 )  
approximates a and t h e   t h e o r e t i c a l   f o r   t h e   s u b s t a n c e   o f   t h e   E a r t h  

(Refs.  9 ,  10) approximates a From formula (3)  and Table 2 ,  t he  change 

in   the   magni tude  p/p along  the  radius   of   the  Moon for   accepted   va lues   o f  

a and $ and fo r   t he   accep ted   t empera tu re   d i s t r ibu t ion   i n  i t s  i n t e r i o r  was 
determined . 

-5 

-1 2 

1 

2 '  

0 

In   the  uppe r  par t s  of the  Moon where  the  pressure i s  s t i l l  small, 
the   in f luence  of temperature i s  so s i g n i f i c a n t   t h a t   t h e   d e n s i t y   d e c r e a s e s  

with  depth.  When $ < 1 cm2/dyne  and > 3 deg- l ,   t he  
i n v e r s i o n   o f   d e n s i t i e s  i s  found a t  a l l  depths .  The s t a b l e  model i n  which 
the   dens i ty   increases   wi th   depth  and the   l aye r s  are chemical ly  homogeneous 

i s  found  with  the  following  values  for  and $: > 1 * cm2/dyne 

and CI < 3 . 10 deg-l  (see i l l u s t r a t i o n ) .  -5 

The a c t u a l   p i c t u r e  i s ,  o f   c o u r s e ,   q u i t e   d i f f e r e n t  from t h e   p i c t u r e  
s e e n   i n   t h e   i l l u s t r a t i o n .  The format ion   of   the   c rus t   l ed   to  a decrease 
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i n  mean d e n s i t y   i n   t h e   s u r f a c e   l a y e r .  On the   other   hand,   with  the 
evolut ion  of   heat  and so f t en ing  of t he   l una r   i n t e r io r ,   t he   dense r   / 149  
components  should  have  sunk,  and  the  l ighter  should  have  f loated up 
e l imina t ing   the   invers ion   of .   dens i t ies .  As a r e s u l t  of t h e   d i f f e r e n -  
t i a t i o n  by chemical  composition,  the  density po of  the  substance  of  the 

Moon should   increase   f rom  the   sur face   to   the   cen ter .  

494 - 
I 

Change i n  p/po along  the  Radius % of the Moon 

( r  is the   d i s t ance  from  the  center  of  the Moon) 
fo r   va r ious   va lues  of p and a. 
Isothermic  models: I and I1 are  one-layer  models 

fo r  $ = 1 and 0.5 - r e spec t ive ly ;  
I11 and I V  are  two-layer  models,   the  curst  is  10% 

i n  mass, p = 1 and 0 .5   respec t ive ly .  

Non-isothermic  models: V - j3 = 1 10 , a = 

3 deg-l ;  V I  - p = 0.5 . a = 3 

V I 1  - p = 1 a = 6 V I 1 1  - p = 0.5 

-12 

a = 6 - 

The e f f e c t  of   temperature   on  the  densi ty   of   the   substance  in   the 
l u n a r   i n t e r i o r  is  grea te r   than   the   ac t ion   of   p ressure .   Never the less ,   the  
increase  of   densi ty   due  to   the  change  in   chemical   composi t ion  with  depth 
c o u l d   h a v e   l e d   t o   t h e   f a c t ' t h a t   t h e   d e n s i t y   i n ' t h e  Moon's i n t e r i o r   c o u l d  
have  proved t o  be  almost  constant.  



Thus,  one  can  construct a model o f   t h e  Moon f rom  the  same rock 
formations  which, as assumed, are t h e  most common i n   t h e   c o m p o s i t i o n   o f  
t he   Ea r th .   S ince   t he   dens i ty   change   i n   t he  Moon's i n t e r i o r  i s  small, then  
one   can   approximate   the   inner   s t ruc ture .of   the  Moon by  means of  a 
two-layer  model i n  which  there  i s  a c rus t   hav ing  a c o n s t a n t   d e n s i t y  and 
a c o r e   t h a t  i s  homogeneous in   chemica l   composi t ion   wi th  a d i f f e r e n t   b u t  s t i l l  
cons tan t   dens i ty .  

REFERENCES 

1. S. V. Kozlovskaya.  Doklady  Akademii Nauk  SSSR 92 , No. 5, 903-906,  1-93. 

2. S. V. Kozlovskaya.  Doklady A. N. SSSR 108, No. 3, 409-412, 1956. 

3. F. Birch  and  others.   Spravochnik  dlya Geologov PO Fizicheskim 
Konstantam (Handbook o f   Phys ica l   Cons tan t s   fo r   Geo log i s t s )  
I zda te l ' s tvo   Inos t r annoy   L i t e ra tu ry ,  1949. 

4. €3. Yu. Levin  and Ye A. Lyubimova. mPriroda",  No. 10, 81-84, 1955. 

5. B. Yu. Levin  and S. V. Mayeva. Doklady A. N. SSSR, 133, No. 1, 44-47,  1960. 

6. A. P. Vinogradov. I z v e s t i y a  A. N.  SSSR, Seriya Geologicheskaya, No. 10, 
5-27 9 1959 9 

7. A. P. Vinogradov.  Khimicheskaya  Evolyutsia Zemli (The  Chemical  Evolution 
of   the  Earth)   Izdatel ' s tvo A.  N. SSSH,  1959. 

8. G. P. Kuiper.   Proceedings  of  the  National Academy o f  Sc iences   o f   the  USA, 
40, No. 12, 1096-1112,  1954. 

10. J. A .  Jacobs.  Handbuch der   Phys ik ,  47,  364-406, B e r l i n  , Springer-Verlag , 
1956 



177 

ON THE PROBLEM OF THE ROTATION OF PLANETS / 150 

V. S. Safronov 

I n   t h i s  p a p e r  is analyzed  the  explanat ion  of   the  rotat ion  of  
planets ,   which was  suggested by 0. J .  Schmidt ,   based  on  his   theory  that  
p l ane t s  were formed  through a junc t ion  of s o l i d  par t ic les  and  bodies 
of a p r o t o p l a n e t a r y   c l u s t e r .  An ana lys i s  of the   equat ion   for   energy  and 
momentum balance of the  amount  of  motion,  revealed  the  inadequacy  of  the 
s implif ied  system  which 0. J .  Schmidt  considered, i . e . ,  the  system  which 
sugges t s   t ha t   t he  par t ic les  of t h e   c l u s t e r   t r a v e l e d   a l o n g   c i r c u l a r   o r b i t s .  
The c o n d i t i o n   o f   d i r e c t   r o t a t i o n   w h i c h  0. J. Schmidt  found i s  n o t   f u l f i l l e d  
i n   t h i s   s y s t e m  a t  the   p re sen t   ro t a t ion   speed  of  the  Earth.  It would  have 
been   necessa ry   fo r   t he   Ea r th   t o   ro t a t e  lo4  times f a s t e r ,   i n   o r d e r   t o   f u l -  
f i l l   t h i s   c o n d i t i o n .  

The angular  and energy momentum equat ions   for  a more genera l   case  
of the   mot ion   of ,bodies  i n   e l l i p t i c a l   o r b i t s  are deduced. It i s  shown 
t h a t   i n   t h i s  new model, the  contradictions  mentioned  above are e l imina ted .  

-The r e l a t i o n  be tween  the   p lane t   ro ta t ion  and the   hea t   l o s ses   du r ing  
the  formation  process  i s  analyzed. A rev is ion   of   the   former   concept  
o f   t h a t   r e l a t i o n  i s  d i c t a t e d  by the   cons ide ra t ion  o f   t he   p l ane t ' s   ro t a t ion  
energy. It has  been shown tha t   t he   hea t   l o s ses   d imin i sh   w i th   t he   i nc rease  
of   speed  of   rotat ion.  

It fo l lows   f rom  the   express ions   ob ta ined   tha t   the  s i m p l e s t  suppo- 
s i t i o n   a b o u t   t h e   v e l o c i t y  of r o t a t i o n   d e r i v e d  from  dimensional  considera- 
t i o n s   l e a d s   t o   t h e   p r o p o r t i o n a l i t y   b e t w e e n   t h e   r o t a t i o n a l   e n e r g y   i n c r e a s e  
and the   po ten t ia l   energy   on   the   sur face   o f   the   g rowing   p lane t .   This   in  
tu rn   l eads   to   the   approximate   cons tancy   of   angular   ve loc i ty   dur ing   the  
process   o f   g rowth ,   in   agreement   wi th   the   resu l t s   ob ta ined  ear l ie r  on  the 
assumption  of  the  asymmetry of shocks of f a l l i n g   b o d i e s  and w i t h   t h e   f a c t  
t h a t   t h e   d i f f e r e n c e s   i n   t h e   p e r i o d s   o f   r o t a t i o n  of t he   p l ane t s  are 
comparatively small. 

In   Lap lace  cosmogony, t h e   d i r e c t   r o t a t i o n   o f   t h e   p l a n e t s  is  /151 
usua l ly   connec ted   w i th   t he   ac t ion   o f   t he   Sun ' s   t i da l   fo rces .   Po inca re '  
(Ref. 1) g i v e s   t h e   f o l l o w i n g   s c h e m a t i c   d e s c r i p t i o n   o f   t h i s   p r o c e s s .  Due 
t o  the   fo rces   o f   f r i c t ion ,   t he   gaseous   r i ng   beg ins   t o   ro t a t e   a round   t he  
Sun as a r i g i d  body.  Subsequently, i t  becomes unstable  and  breaks apart. 
The ind iv idua l  parts of t h e   r i n g   b e g i n   t o  move a l o n g   c i r c u l a r   o r b i t s .  
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The j o i n i n g  of two clouds,   of   which  the  dis tances   ' f rom  the  Sun  differ  
s l i g h t l y   l e a d s   t o   t h e i r   o p p o s i t e   r o t a t i o n   s i n c e   t h e   i n n e r   c l o u d   o r b i t s  
faster than   the   ou ter .  However, t h e   t i d a l   f o r c e s   o f   t h e  Sun s t r e t c h  
th i s   c loud   ou t  and i m p a r t  t o  i t  a d i r e c t   r o t a t i o n   w i t h  a per iod   equal   to  
i t s  per iod   of   revolu t ion .  The cont rac t ion   of   the   c louds   due   to   the i r  
coo l ing ,   dec reases   t he   e f f ec t  of  t i d a l   f o r c e s  and i n c r e a s e s   t h e i r   v e l o c i t y  
o f   ro t a t ion .  

A t  p re sen t  none of   these   suppos i t ions  are acceptab le .  The fo rces  
o f   f r i c t i o n   i n  a r ing   ro t a t ing   a round   t he  Sun  do  not  cause i t  t o   r o t a t e  
l i k e  a r i g i d  body. They merely  draw  the  inner p a r t  o f   t h e   r i n g   n e a r e r   t o  
the  Sun and move out   the   ou ter  p a r t s ,  t h e   r o t a t i o n  a l l  the  while  remaining 
Kepler ian.  The idea  of the  break-up of  t he   p ro top lane ta ry   c loud   i n to  
small gaseous  clouds and the i r   subsequen t   r e jo in ing  i s  a l so   unacceptab le .  
Such  clouds are uns tab le  and  would  tend t o   d i s i n t e g r a t e   f a r t h e r ,   n o t   t o  
re jo in .   This   d i f f icu l ty   could   be   avoided   on ly  by dropping  the  gaseous 
c loud   concept   in   favor  of t h a t  of dus t   concent ra t ion ,   bu t   dus t   con-  
c e n t r a t i o n s  are small and shr ink  so r a p i d l y   t h a t   t h e   t i d a l   f o r c e s   c o u l d  
no t   pe rcep t ib ly  change t h e i r   r o t a t i o n   ( R e f .  2 ) .  

V .  G .  Fesenkov  (Ref. 3) e x p l a i n s   t h e   r o t a t i o n  of p l ane t s   u s ing   t he  
hypotheses  of  massive  protoplanets.  It i s  assumed t h a t   t h e   d e n s i t y  of 
the  gaseous component of the  cloud had r e a c h e d   t h e   c r i t i c a l '   v a l u e  (Roche 
dens i ty )  and t h a t   t h e   s e t - i n   i n s t a b i l i t y  had  caused  massive c lo ts  t o  form 
i n   t h e   c l o u d .  The process   of   condensat ion i s  conceived as an  accumulation 
of matter a l o n g   t h e   i n i t i a l   c l o t ' s   o r b i t .  It i s  f u r t h e r  assumed rha t  
t u rbu len t   mix ing   had   l ed   t o   t he   equa l i za t ion   o f   angu la r   ve loc i ty  of ro -  
t a t ion   i n   t he   c loud .   Fo r   t he   de t e rmina t ion  of p l a n e t   r o t a t i o n ,   t h e  
moment of  the momentum of   the   c loud   ro ta t ing  as a r i g i d   t o r e   w i t h  a 
diameter of 21 around  the axis through  the  center  of i t s  c r o s s   s e c t i o n  
i s  c a l c u l a t e d .  Then, A i s  chosen  such as t o  make the  moment o f   t h a t   t o r e  
equa l   t o   t he   ro t a t ing  moment o f   t h e   i n i t i a l   p l a n e t   r o t a t i n g   w i t h  an  angu- 
lar  v e l o c i t y  of ro t a t ion   equa l   t o   t he   p re sen t   one .  The moment of t he   t o re  
emerges so g r e a t   t h a t  w e  end up wi th  a ve ry  small value  of 1,. The 1152 
diameter  of a to re   hav ing   t he   ro t a t ing  moment of J u p i t e r  was found t o  be 
e q u a l   t o  59 d iameters   o f   the   p lane t ,  i . e . ,  70 times smaller than   the  
width of Jup i t e r ' s   zone .  For the   p ro toplane t   Ear th   having  a mass 30 times 
g rea t e r   t han  a t  present ,   the   d iameter   o f   the   to re  would  be 300 times the 
width  of   the  Earth 's   zone.  With t h e   g r a v i t a t i o n a l   i n s t a b i l i t y   i n  a f l a t ,  
ro t a t ing   l aye r ,   t he   d imens ions  of   the   non-d is in tegra t ing   c lo ts   should  
exceed  the  thickness  of  the  layer by  one order   (Refs .  4 ,  5 ) .  The previous-  
l y   i n d i c a t e d   v a l u e s   o f  1 do n o t   s a t i s f y   t h i s   c o n d i t i o n  - they are a 
magnitude  of 1.5 o rde r s  smaller i n   t h e   E a r t h ' s  zone  and  of 1 o r d e r   i n  
Jup i t e r ' s   zone .  Hence,  the  protoplanets  could  not  be formed  by the  con- 
so l ida t ion   o f   subs t ance   i nc luded   i n  a t o r e  of such a small c r o s s   s e c t i o n .  
But the  real n o n - d i s i n t e g r a t i n g   c l o t s  would  have  had a s p e c i f i c  moment 
b igger  by two orders   than   the   necessary  moment i n   J u p i t e r ' s  zone  and by 
th ree  - i n   t he   Ea r th ' s   zone .  
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The t u r b u l e n c e   i n   t h e   r o t a t i n g  medium equal izes   no t   the   angular  
v e l o c i t y   b u t   r a t h e r   t h e  moment of   the momentum (Ref. 6 ) ;  bes ides ,   the  
turbulence i n  the  protoplanetary  c loud  should  have  been  dying  off .  
There i s  the re fo re  no bas is   for   the   assumpt ion   tha t   the   to re  i s  r o t a t i n g  
as a r i g i d  body  and i t  would  be  more na tu ra l   t o   p roceed  from Keeler's 
r o t a t i o n .  It i s  n e c e s s a r y   t o   n o t e   t h a t  i n  t h i s  case, t h e   r o t a t i o n  of  the 
forming  consolidations i s  a l s o  found t o  be d i r e c t ,   e x c e p t   t h a t   t h e   v e l o c i t y  
proves  to  be somewhat smaller (Refs.  2 ,  7) . Indeed,  the mean v e l o c i t y  of 
r o t a t i o n  of a l o c a l  area having a c i r c u l a r  form i s  determined  by  the 
equat ion  

- 1 w = 12 r o t  V I  = - - 1 d  
2R  dR (' R, ' 

where V i s  t h e   l i n e a r   v e l o c i t y  a t  a d i s t ance  R from  the  axis of r o t a t i o n .  

With the  K e p l e r  c i r cu la r   mo t ion  V = and i;s = (1/4) wC,  where w = 

q. Thus , a t  the  Keplerian  motion of the  substance , the  monent  of 

the  momentum of  the  formed  protoplanet i s  merely  four times smaller than 
a t  a r i g i d   r o t a t i o n ,   b u t  s t i l l  too   g rea t .  

C 

The pro toplane ts   hypothes is  meets wi th  no less s e r i o u s   d i f f i c u l t i e s  
wi th   regard   to   the  mass of the   p ro toplane tary   c loud .   For   the   g rav i ta -  
t i o n a l   i n s t a b i l i t y   i n   t h e   g a s ,  i t  i s  necessary f o r  the   c loud ' s  mass t o  be 
no t   l e s s   t han   t he   Sun ' s  mass (Ref. 8 ) .  A t  Roche 's   densi ty   in   the  Earth 's  
zone  alone,  the mass AM3 of the  gas of t he   Ea r th ' s  zone  alone  should 

reach one ten th   o f   the   Sun ' s  mass. This i s  direct ly   observed  f rom  the 

r e l a t i o n s h i p s  AM3 X 2flRpR H A R;  H X 10 R ,  AR X 7 R and according  to  

V.  G .  Fesenkov, pR = 4MO/R . Here a t  once  emerge two problems: 1) Why 

did  merely one  thousandth of t h e   e n t i r e   z o n e ' s  mass go in to   t he   p ro to -  
p l ane t  formed in   t he   Ea r th ' s   zone?  2) What forces  could  have removed /153 
from  the  solar  system a mass of the   o rder  of the   Sun ' s?  J. Kuiper  (Ref. 
9) showed t h a t  i t  would  be  impossible  to  explain  the  dissipation  from 
the   so la r   sys tem of a mass g rea t e r   t han   l / lO th   t he  mass of the Sun. The 
d i f f i c u l t i e s   w i t h   t h e   d i s s i p a t i o n  and s o r t i n g   o u t  of l i g h t   g a s e s  from 
the  massive  protoplanets  were especially  emphasized by I .  S .  Shklovsky 
(Ref. 10) . The f irst  quest ion  a lso  remains  unexplained.  

-2 1 

3 

The excess ive ly   g rea t  moment of   ro ta t ion   o f   the   p lane ts   which  we 
f i n d  by  assuming the i r   fo rma t ion  from  massive  protoplanets whi,ch have 
condensed  due t o   g r a v i t a t i o n a l   i n s t a b i l i t y   i n   t h e   g a s e o u s  component of 
the   p ro toplane tary   c loud  is  one more i t e m  aga ins t   t h i s   hypo theses .  
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F. Hoyle  (Ref. 11) proposed  an  explanat ion  of   the  planets '  
rotat ion  proceeding  f rom  the  concept ion  of   the  planet ' s   growth  through 
the   acc re t ion  by the  massive  nucleus  of a p l a n e t  o f  t h e   s c a t t e r e d  
subs t ance   v i sua l i zed  as a continuous medium. As the   p robable   rad ius   o f  
c a p t u r e   f o r   t h e  massive n u c l e i  (mass m and r ad ius  r) he assumed h a l f   t h e  
d i s t a n c e  a t  which   the   t ida l   force  of the Sun i s  equa l   t o   t he   g rav i ty  

pul l   o f   the   nuc leus :  r = 1 /2  (m/2M0)1/3 R.  The r o t a t i o n a l  moment aK 
which i s  b r o u g h t   i n  by the   accrue ing   subs tance  Am is taken 2 / 5  wr 
(spher ica l ly   symmetr ica l   accre t ion) ,   where ,  as above, ts = 1 / 4  w . The 

pe r iod   o f   ro t a t ion   has   p roved   t o  be e q u a l   t o  3-4  hours  without  taking 
in to   account   the   concent ra t ion  of substance  toward  the  center   of   the  
p l a n e t ,  which  would  have  involved s t i l l  f a s t e r   r o t a t i o n .  Hoyle  allowed 
for   such  a g r e a t   v e l o c i t y  of r o t a t i o n   u n d e r   t h e   i n f l u e n c e   o f   L i t t l e t o n ' s  
i d e a   o f   t h e   r o t a t i o n a l   i n s t a b i l i t y  of  the  primary  planets and the  separa-  
t i on   o f  sa te l l i t es  from  them.  Although L i t t l e ton   has   suppor t ed   t h i s  
i dea  up t o   t h e   p r e s e n t  , (Ref.  12) , i t s  bases are n o t   s u f f i c i e n t l y   v a l i d .  
On the  other   hand,   "accret ion"  played a s u b s t a n t i a l   r o l e   o n l y   d u r i n g   t h e  
growth of J u p i t e r  and Sa tu rn  when t h e i r  embryos became s u f f i c i e n t l y  
mass ive   for   absorp t ion  of gaseous  hydrogen.  Recently  even  Hoyle  (Ref. 13) 
himself  abandoned  the  idea  of  applying  the  mechanism  of  accretion  to  the 
p l a n e t s   i n   t h e   E a r t h ' s   g r o u p .  As  f o r   t h e   r o t a t i o n  of J u p i t e r  and of 
Sa turn  i t  apparent ly   could be s a t i s f a c t o r i l y   e x p l a i n e d   w i t h i n   t h e  bounds 
of  the  theory  of  accretion. However, f o r   t h i s ,  a c l o s e r  estimate of   the 
capture"   rad ius  would  be  necess'ary. I f  i t  tu rns   ou t   t o   be  two o r   t h ree  

times smaller than  the  value  taken by  Hoyle , i t  could be regarded as 
confirming  the  theory.  

a 
2 

C 

I '  

L .  E .  Gurevich and A. I. Lebedinskiy  (Ref. 4)  have shown the 
. f e a s i b i l i t y   o f   t h e   i d e a  of t he   p ro top lane ta l   dus t   d i sc ' s   b reak ing  up i n t o  
numerous concen t r a t ions ,   t he   conso l ida t ion  of  which  should  have  led  to 
the  formation of p l a n e t s .  Having  determined  the masses and r a d i i  of t he  
concent ra t ions ,   they   found  tha t   the   ro ta t ion  moment of   the   concent ra t ion  
was p ropor t iona l   t o   t he   exp res s   i on  k M (M /M ) 4  , where kg i s  the   un i t  

o r b i t a l  moment and M i s  the  mass of   the  planet .  From t h i s  i t  was deduced 

t h a t   t h e   r o t a t i o n  moment of the   p lane t   should  be e q u a l   t o   t h e   o r b i t a l  
moment m u l t i p l i e d  by a func t ion  of t h e   p l a n e t ' s  mass. The deduct ion /154 
was i l l u s t r a t e d  by a n   e m p i r i c a l   r e l a t i o n  which  checks  out w e l l  f o r  a l l  
p lane ts   except   Sa turn  and  Neptune.  This  conclusion i s  e s s e n t i a l l y  founded 
on   t he   non- se l f - ev iden t   suppos i t i on   o f   cen t r a l   co l l i s ions  of the   consol i -  
da t ing   concen t r a t ions .  A t  non-cen t r a l   co l l i s ions  of t he   conso l ida t ing  
concent ra t ions  - b e s i d e s   t h e i r  own r o t a t i o n  moments, account m u s t  a l s o  be 
taken   of   the   cons iderably   l a rger  moments connec ted   w i th   t he i r   r e l a t ive  
orb i ta l   mot ion .   Unt i l   such   an   ana lys i s  i s  made i t  would  be imprudent   to  
ex tend   t he   r e l a t ionsh ip  found f o r   t h e   r o t a t i o n  moments of   the   concent ra t ions  
t o   p l a n e t s .  

O n  n 0 

n 
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I n   h i s   a n a l y s i s   o f   t h e  problem  of   planet   rotat ion 0. J. Schmidt 
(Ref. 14) proceeded  f rom  considerat ion  of   the  general   pr inciples   of   the  
process  of  consolidation  of matter i n t o  a p l a n e t .  He wrote   ou t   the  
cond i t ions   fo r   t he   conse rva t ion  of energy  and  of  the moment of momentum 
d u r i n g   t h e   t r a n s i t i o n  from a cloud  of par t ic les  t o  a system  of   planets .  
The f u l l  moment of t h e   p a r t i c l e s   l o c a t e d   i n  a planet  zone i s  transformed 
i n t o   t h e   o r b i t a l  and r o t a t i o n  moments of t he   p l ane t .  The smaller the 
o r b i t a l  moment, i . e . ,  the  smaller t h e   r a d i u s   o f   t h e   p l a n e t ' s   o r b i t ,   t h e  
g r e a t e r   t h e   r o t a t i o n  moment must  be.  But  the smaller the   rad ius   o f   the  
p l a n e t ' s   o r b i t ,   t h e  smaller is  i t s  o r b i t a l   e n e r g y ,  and hence,   according 
t o  0. J. Schmidt ,   the   g rea te r  are the   thermal   energy   losses   in   the  
process   of   the   planet ' s   formation.  From t h i s  0. J. Schmidt  draws h i s  
ma in   deduc t ion :   s ince   t he   l o s ses   o f   ene rgy   i n   t h i s   p rocess  are g r e a t ,  
t h e n   t h e   p l a n e t ' s   r o t a t i o n  must  be d . i r ec t .  The mathematical   formulation 
o f   t h e   r e s u l t   b o i l s  down to   t he   fo l lowing .  

A c loud   o f   pa r t i c l e s  moving i n  a p l ane   c i r cu la r   o rb i t   a round   t he  
Sun i s  being  considered.  From t h e s e   p a r t i c l e s  a p l a n e t   w i t h   a n   o r b i t  
r ad ius   o f  R i s  formed.  Let R and R be  the mean d i s t ances  of  the 

p a r t i c l e s   i n   t h e   c l o u d ,   d e r i v e d   f o r   t h e   e n e r g y  and the moment r e spec t ive ly :  
0 e m 

" - 1 

Re 

R2 

dR R 
R, I 

R2 

R1 

K M  m 

R2 

L 

R, 
, 

L 

R1 

where e, (R) i s  the   func t ion   o f   t he   pa r t i c l e  mass d i s t r ibu t ion   acco rd ing  
t o   t h e i r   d i s t a n c e s  from the  Sun, and R, and R, are those  of  the  boundary 
of   the  zone  of   the  subject   p lanet .  I L 

It can  be shown t h a t  Rm i s  always  greater   than R . e 
the   cond i t ion  

Ro < Re, 

is  s a t i s f i e d   t h e n   t h e   i n e q u a l i t y  

Ro < Rm' 

Therefore  , i f  
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s h o u l d   b e   s a t i s f i e d ,  i . e . ,  t he   ro t a t ion   shou ld  be d i r e c t ,   s i n c e   t h e  
o r b i t a l  moment of  the  planet  which is  p r o p o r t i o n a l   t o  q, is  less than  

the  monent of  the  cloud  which i s  p r o p o r t i o n a l   t o  &-. m 

No a n a l y s i s  was made of   the   condi t ions  a t  wh ich   r e l a t ionsh ip  (2) 
i s  s a t i s f i e d .  0. J. Schmidt  assumed t h a t  "we cannot  determine  the sum of 
t h e s e   l o s s e s   q u a n t i t a t i v e l y ,   b u t   t h e r e  i s  no  doubt   that   the   losses  are 
great" .  He f u r t h e r  assumed t h a t   t h e  same causes   cond i t ion   t he   d i r ec t  
r evo lu t ion  of a ma jo r i ty   o f   t he   p l ane t ' s  sa te l l i t es  and tha t   t he   oppos i t e  
r evo lu t ion  of d i s t a n t  sa te l l i t es  i s  c o n n e c t e d   w i t h   t h e   f a i l u r e   t o   f u l f i l l  
the   condi t ions  ( 2 ) .  It i s  apparent   f rom  this   that   the   problem  concerning 
t h e   p l a n e t s '   r o t a t i o n   r e q u i r e s  a more d e t a i l e d   q u a n t i t a t i v e   a n a l y s i s .  

L e t  us examine aga in   the   ba lance   equat ions   o f   energy  and momentum 
moment der ived  by 0. J. Schmid t .   I n   t he   ca se   o f   pa r t i c l e s  moving along 
c i r c u l a r   o r b i t s   t h e  sum o f   t h e i r   k i n e t i c  and p o t e n t i a l   e n e r g y   r e l a t i v e  
t o   t h e  Sun i s  e q u a l   t o  

While t h e i r   t o t a l  momentum  moment r e l a t i v e   t o   t h e  Sun is  e q u a l   t o  

where M is  the mass of the  Sun, and G i s  t h e   g r a v i t y   c o n s t a n t .   L e t  US 

introduce  the  symbols:  

Uo - t he   po ten t i a l   ene rgy  o f   t he   p l ane t   r e l a t ive   t o   t he   Sun ,  

U - t he   po ten t i a l   ene rgy   t he   p l ane t  as a sphere ,  

Uc - t he   po ten t i a l   ene rgy   o f   t he   pa r t i c l e s '   i n t e rac t ion   w i th  one 

Eo - t he   o rb i t a l   ene rgy  of t h e   p l a n e t   ( t h e   p o t e n t i a l   p l u s   t h e  

Er - t h e   k i n e t i c   e n e r g y   o f   t h e   p l a n e t ' s   r o t a t i o n ,  

E t  - the  losses  of  energy  of  the  mechanical  motion  due  to  trans- 

P 

another  , 

kine  t i c )  , 

f o r m a t i o n   i n t o   d i f f e r e n t  forms  of  energy -- h e a t i n g ,   r a d i a t i o n ,  
phase   t r ans i t i ons ,  e tc . ,  
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m - the  mass of the  planet, 
Ro - the  radius of the  planet's  orbit, 
KO - the  planet's  orbital  moment, 
K - the  planet's  rotational  moment. r 

The  balance  equations  will  appear  in  the  form 

R2 

R1 

R2 

R1 

- GM s '@* dR + Uc = Eo + U + Er + Et, 2  P 

fi @ (R) dR = KO + Kr. 

It  is  obvious  that 

R2 

R1 

G h  Eo -" - , KO = m q, m = [ (R) dR. 
2R0 

The  relationships ( 4 )  can be rewritten  in the  form 

R1 
v 

R1 

R2 R2 

R1 R1 

f i  @ (R) dR - 5 $3 (R) dR = - 'r 
r n '  

- I 1 5 6  

or, taking  into  consideration (l), in the  form 
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Ro = (1 - E) Re, 

Rm = (1 + k) Ro, 2 

where 

2R0 
E = €  + E  + €  = -  

P t c GMm p (U + E t  + Er - u,) Y 

e l imina t ing  R we g e t  0 

2 R 
(1 + k) (1 - E) = - , m 

Re 

i n  view of  the  smallness   of  k and E i n  comparison  with  the  uni t  

The r e l a t i o n s h i p  (R - Re)/Re i s  mainly  dependent  on  the  width of m 
the  zone  supplying  the  planet  and i s  on ly   s l i gh t ly   dependen t  on  @(R).  For 

the   Ear th ' s   zone ,  i t  i s  - 10 [ see  (18 ) l .  The r a t i o   o f   t h e   r o t a t i o n   t o  

t h e   o r b i t a l  moment of  the  Earth k x 3 10 . With these  numerical  /157 
va lues ,  i t  follows  from  the  second  equation (7) :  

-2 

-7  

Thus ,   t he   s t i pu la t ion   fo r   d i r ec t   ro t a t ion   o f   p l ane t s   (2 )   a r r ived  
a t  by 0. J .  Schmidt fo r   t he   ca se  of p a r t i c l e s   i n   c i r c u l a r   o r b i t s  i s  not  
f u l f i l l e d   f o r   t h e   E a r t h .   I f  i t  were f u l f i l l e d ,  and Ro < R then  the e 
Ea r th  would  have  rotated lo4 times f a s t e r   t h a n  i t  does now. 

I f  we were t o  assume tha t   cond i t ion   (2 )  i s  not   an   ind ispens ib le  
but  merely a s u f f i c i e n t   c o n d i t i o n   f o r   d i r e c t   r o t a t i o n   o f   t h e   p l a n e t s  and 
t h a t   t h e   a c t u a l  Ro i s  determined  from (ll), a n o t h e r   d i f f i c u l t y  would 
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ar ise  then: a t  k co r re spond ing   t o   t he   p re sen t   ro t a t ion   o f   t he   Ea r th ,   t he  
r e l a t i o n s h i p  (10) is  n o t   f u l f i l l e d .  The r i g h t   s i d e ,  as we have  a l ready 

seen,  i s  - The components e are: E - 10 , E a 10 , E: % 10 , -1 -4 -7 

and E ~ M - E  and i t  is  ha rd ly  less than  - E - E . T h e r e f o r e ,   t h e   l e f t  

s i d e  a p p e a r s  t o  be of a magnitude  of a t  least  two orders  smaller than  
t h e   r i g h t .   I n   o r d e r   t o   s a t i s f y  (10) we would have  to  reduce  the  thermal 
l o s s e s   t o  a magnitude  of  approximately - 0.9 E . It is  uncertain  whether  
such   an   ac t ion  i s  warranted.  

P r C 

P P r 

P 

One has   to   look   for   the   cause   o f   such  a r e s u l t   i n   t h e   s h o r t c o m i n g s  
of   the   sys tem  i t se l f .   Genera l ly   speaking ,   the   assumpt ion   of   in i t ia l  
motion  of  the par t ic les  i n   c i r c u l a r   o r b i t s  seems n a t u r a l .  A t  t he  small 
masses, o f   t he   p l ane t s '   embryos ,   t he i r   g rav i t a t iona l   d i s tu rbances  were 
weak and the  par t ic les  moved along  orbi ts   which were c l o s e   t o   c i r c u l a r .  
With  the  growth  of  the  embryo, and of   other   bodies ,   the   deviat ions  f rom 
c i r c u l a r   o r b i t s   i n c r e a s e d ,  and a l l  the   bodies   in   the   zone  were gradual ly  
c o n s o l i d a t i n g   i n t o  one p l a n e t .  The above  described  balance would  have 
b e e n   q u i t e   c o r r e c t   i f   t h e   p l a n e t   z o n e  a l l  the   whi le   remained   se l f -  
contained.  However, t h e   r e s u l t   a r r i v e d  a t  ear l ie r  ind ica t e s   t he   i n -  
accuracy  of  just   such  an  assumption. As t h e   e c c e n t r i c i t i e s  of the  bodies  
inc rease  due to   t he i r   d rawing   t oge the r   w i th   t he  embryo  and with  one 
another ,  a p a r t  of them moves out  beyond the  outer  boundary of the  zone 
and remains   there   ( s t icks)  , ca r ry ing  away from the  zone a su rp lus  moment, 
another p a r t  moves out  beyond the  inner  boundary  of  the  zone  carrying  off 
a moment which i s  below t h e  mean moment. Simultaneously  bodies  from  the 
ou t s ide  are moving into  the  zone.  These  processes  of  interchange  do  not 
compensate  each  other, as a r e s u l t  of  which  the f u l l  moment of  the 
momentum of   the  substance  in   the  zone and t h e   t o t a l   e n e r g y   ( i n c l u d i n g  
thermal   losses)   do  not   remain  constant .  

The formulation  of  the  problem would  be  more c o r r e c t   i f  one  took 
i n t o   c o n s i d e r a t i o n   t h e   e c c e n t r i c i t i e s  and i n c l i n a t i o n s  of   the  orbi ts   of  
the  bodies  and par t ic les  and inc luded   i n   t he   func t ion  of t h e i r   d i s t r i -  
bution  along  the  major semi-axis @ (a) only  those  which  actual ly   get /158 
on t o   t h e  embryo.  Then t h e   d i f f i c u l t i e s   c o n n e c t e d   w i t h   t h e   c r o s s i n g s  
of  the  zone's  boundaries and w i t h   t h e   i n c r e a s e   i n   t h e   e c c e n t r i c i t i e s  of 
t h e   o r b i t s  and of  the  zone's  dimensions , could  be  by-passed  to a con- 
s iderable   degree  by ana lyz ing   no t   t he   fu l l   ba l ance   be tween   t he   i n i t i a l  
and f i n a l  states , bu t   r a the r   t he   "d i f f e ren t i a l "   ba l ance  , i .e. , the  
ba lance   for  a set  of   given  values   of  m , e and i and the  one  due  to a 
small increment Am of  the  embroy's mass. It would not   be   necessary   to  
c o n s i d e r   s p e c i f i c a l l y   t h e  moment and energy  exchange  between  the  bodies 
ge t t i ng   on   t he  embryo and   those   tha t  do no t ,   because   t he   o rb i t   e ccen t r i -  
c i t ies  e and i n c l i n a t i o n s  i, taken as c h a r a c t e r i s t i c s   o f   t h e   i n i t i a l  
s t a t e  would  be t h e   v e r y   r e s u l t  of  such  exchange. One could ,   apparent ly ,  
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comple t e iy   d i s r ega rd   t he   e f f ec t  on the  motion of t he  embryo  from the  
bodies   which  did  not   get   on i t ,  though  the   poss ib i l i ty   could   no t   be  
completely  excluded  that   the  embryo  moving  on i t s  c i r c u l a r   o r b i t   m i g h t  
experience a s l i g h t   b r a k i n g   e f f e c t  as a r e s u l t   o f  coming c l o s e   t o   b o d i e s ,  
whose c e n t r o i d   v e l o c i t y  i s ,  as is  known, somewhat smaller than  the 
c i r c u l a r .  However, the  decrease  of   the   embryo 's   orbi ta l   radius   connected 
wi th  i t  shou ld ,   appa ren t ly ,   be   qu i t e   i n s ign i f i can t .  

For the   sake  of s i m p l i c i t y ,  we w i l l  assume t h a t  a l l  bodies and 
p a r t i c l e s   h a v e   i d e n t i c a l   e c c e n t r i c i t i e s  and i n c l i n a t i o n s   t o   t h e   p l a n e  
of   the  embryo 's   orbi t .  We w i l l  emphasize t h a t  by a ,  e and i w 2  mean the  
average  undis turbed  e lements ,  i . e . ,  those   cor responding   to   the  t i m e  
i n t e r v a l s  when the  body i s  not   found  in   the s t a t e  of   consol ida t ion   wi th  
o ther   bodies .  L e t  us assume tha t   wh i l e   t he   subs t ance   quan t i ty  @m i s  g e t t i n g  
on the  embryo,  the  bodies and p a r t i c l e s   h a v i n g   o r b i t s  whose l a r g e  semi- 
axis are between a and a + d a ,   b r i n g   i n   t h e  mass Amla' (a) da.  Then 
a 2 

(a) da  = 1. Le t  us f u r t h e r  assume t h a t   t h e  embryo i s  moving i n  a 

al 

c i r c u l a r   o r b i t   ( a o  = R o ) .  The po ten t i a l   ene rgy  of t h e   i n t e r a c t i o n  among 

p a r t i c l e s  and bodies   outs ide  of  a conso l ida t ion  i s  v e r y  small and  can  be 
excluded. 

In s t ead  of the   equat ions  (6) we g e t  

a 
2 a 2 - 

Am da - A (  c )  la' (a)  da = - $A ( U  + E t  + Er) ,  2 
P 

a 1 a 1 1 
We a l s o  have 

d I n  a. 

d l n m  ' 
where y = 
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Applying  expressions (1) to   the   major   semi-axes   o f   the   o rb i t s , / l59  
i n s t e a d   o f   t o   r a d i i ,  we o b t a i n  from (12), by analogy  with (7), 

(1 - e 2 ) cos2 i am = ( 1 + k '  + F) Y ao, 

where 

E '  =" 2a0 d 1 " dKr (U + E t  + Er) , k '  = GM dm p J Z q  dm 

El iminat ing a w e  w i l l  g e t  0 

(1 - e 2 ) cos2 i a = (1 - E '  - 7) ( 1 +  k ' +  5 > ' a  . m e 

The magnitude 7 which   charac te r izes   the   change   in   l ength   o f   the  
o r b i t a l   r a d i u s   o f   t h e   p l a n e t ' s  embryo can be evaluated  from  the  second 

equation  (12) by  making i n  i t  (a) = c a  and mr = 0 because of i t s  

smal lness .   Calcu la t ions  show tha t   w i th   t he   accep tab le   va lues  of n the 

magnitude  of y w i l l  be  of  the  order  of e . I n  (15) y e n t e r s   o n l y   i n   t h e  

terms of e4 and higher  powers  of e .  Confining  ourselves  by small va lues  
to   the   second  order   for  e and i and t o   t h e   f i r s t   o r d e r   f o r   k ' ,  w e  o b t a i n  

-n 

2 

a - a  m e e2  + i + 2k' - E ' .  
2 

a e 

Comparison  of (16) and   (10)   revea ls   tha t   the   t ak ing   in to   account  of 
e c c e n t r i c i t i e s  and i n c l i n a t i o n s  of t h e   o r b i t s   i n t r o d u c e s   a d d i t i o n a l  terms 

e2 and i2 of t h e  same order  as the  others   which  can  substant ia l ly   change 
t h e   r e s u l t .  Hence, a system  based  on  the  analysis of c i r c u l a r   o r b i t s  of 
p a r t i c l e s  i s  c l ea r ly   i nadequa te .  

Fo r   t he   de t e rmina t ion   o f   t he   l e f t  p a r t  of (16) w e   w i l l  in t roduce 
a dimens ion less   "d is tance"  

a - a  

a 
1 x =  

1 



188 

and l e t  u s   e x p r e s s   t h e   d i s t r i b u t i o n   f u n c t i o n  @ (a) i n  terms of x 
conf in ing   ou r se lves   t o  terms of the  second  order  

@ = @l (1 + CIX + c x ) .  
2 (17)  

2 

Having s u b s t i t u t e d   t h i s   e x p r e s s i o n   f o r  @ i n  (I), i n  which,  instead 
of R we must now use a throughout ,  we can   f i nd  a and a . The ca l cu la -  

t i o n s  show t h a t ,   c o r r e c t   t o   t h e   t h i r d  power of   x ,   the   express ion   (16)  i s  
not  dependent upon c and  c2: 

m e 

1 

2 
m e 2 

a 16 2 

a - a  X 
” - - - ( l - x  + * * * ) .  

e 

me va lue  x corresponds  to   the  outer   boundary  of   the  zone a 

Taking  the  zone  boundaries  according  to 0. J. Schmidt   or   to  L .  E .  Gurevich 
and A .  I. Lebed insk iy   ( t hey   d i f f e r   bu t  l i t t l e )  we o b t a i n  fo r  the   Ea r th  
x2 w 0 . 6 .  

2 2‘  L1B 

Since 

then 

a - a  

a l - e  a = - F *  

2 2e a - a  2 
- 

x2 - 
1 -  - ” m e e  - 2e , 

2 e 

S u b s t i t u t i n g   t h i s   v a l u e   i n   ( 1 6 )  w e  f ind  

3 2 
E ‘  W Z +  i + 2k’ ,  

or 

E; + E ‘  r X - U’ + V2 ( $  e2 + i2 ) +  k’vf . 
P 2 c  

This   expression  can  be  presented  in  a more  obvious form by in t roducing  
t h e   v e l o c i t y  v o f   t h e   b o d i e s   r e l a t i v e   t o   t h e  embryo  and n o t   y e t   a f f e c t e d  
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by i t s  pu l l   ( t he   ve loc i ty   be fo re   t he   j o in ing ) .  The component  of t he  
v e l o c i t y   p e r p e n d i c u l a r   t o   t h e   p l a n e  of the  embryo 's   orbi t  v M i V  where V r C C 
i s  t h e   c i r c u l a r   v e l o c i t y  and the  component i n   t h e   p l a n e  of t h e   o r b i t  

# 

vRO M eVc /l - cos2 $ , where J I  is the   angular   d i s tance   o f   the  body  from 

p e r i h e l i o n  a t  t h e  moment of  encounter.  L e t  v i e  = he Vc. Then 2 2  

v2 % (he2 + i vC 2 2  

and from (21) we f i n d  

2 
E; + E '  X - U' + % +  k'Vc 2 + $( - A) e 2 2  Vc.  r P 

The exact   value  of  X i s  d i f f i c u l t   t o   c a l c u l a t e .  For t h i s ,  
genera l ly   speaking ,  i t  is  necessa ry   t o  know t h e   d e n s i t y   d i s t r i b u t i o n   i n  
t h e   c l u s t e r  @ (a) . I n  any  case X i s  c l o s e   t o  3 / 4  and t h e  l a s t  t e r m  of 
(23) i s  a t  least by  one o rde r  smaller than V2.  

The examination of t h i s   equa t ion   l eads   t o   t he   fo l lowing   deduc t ions .  

1. A t  the   accuracy   to  small e2 with  which  the  calculat ions were 
ca r r i ed   ou t ,   t he   t he rma l   l o s ses   occu r r ing  a t  the  landing  of   par t ic les   on 
the   sur face   o f   the   p lane t  embryo are equa l   t o   t he  sum of t h e   p o t e n t i a l  
energy   re leased  by the  par t ic les  a t  landing and  of t h e i r   k i n e t i c   e n e r g y  
p r i o r   t o   j o i n i n g   t h e  embryo. (Prec ise ly   such  a magnitude  of  losses  was/l61 
assumed  by  us (Ref. 15) i n   t h e   e v a l u a t i o n   o f   E a r t h ' s   i n i t i a l   t e m p e r a t u r e ) .  
Here we do not   encounter   the  contradict ion  which emerged a t  t he   ana lys i s  
of c i r c u l a r   o r b i t s ,  when the  natural   assumptions  regarding  the  losses  
[ c o n d i t i o n   ( 2 ) ]   l e d   t o   i n a d m i s s i b l y   h i g h   r o t a t i o n   v a l u e s .  

2. The relat ionship  (23)   der ived  f rom  the  balance  equat ions 
conta ins  two unknown q u a n t i t i e s  -- t he   ve loc i ty  of t h e   p l a n e t ' s   r o t a t i o n  
and the  thermal  losses  during  the  process  of  accumulation.  Hence, i t  i s  
inadequa te   fo r   t he   so lu t ion   o f   t he   ques t ion   r ega rd ing   t he   ro t a t ion   o f   t he  
p l a n e t s .  Only the   ana lys i s   o f  a concre te  mechanism of c o l l i s i o n s  makes 
i t  poss ib l e   t o   de t e rmine ,   w i th   t he   he lp   o f   ba l ance   equa t ion ,   bo th   t he  
r o t a t i o n  and t h e   l o s s e s .  

3. From (23) , a t  f i r s t   g l a n c e  , i t  a p p e a r s  t h a t   t h e   g r e a t e r  E '  i s ,  t 
t h e   g r e a t e r  k' i s ,  i .e . ,  a t  g rea t   t he rma l   l o s ses   t he   ro t a t ion   shou ld   be  
d i r e c t .  However, t h e   a c t u a l   p i c t u r e  i s  much more complicated.  The term 
w i t h   k '  is the  smallest i n  (23)  and i t  would  be f u t i l e   t o  a t t e m p t  t o  
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determine i t  from i t ,  s i n c e  i t  a p p e a r s   i n  ( 2 3 )  as a d i f f e r e n c e  of  two 
v a l u e s   g r e a t e r   t h a n  i t  by fou r   o rde r s .  It is  therefore   imposs ib le   to  
t e l l  from (23) anyth ing   concern ing   the   d i rec t ion   of   the   p lane t ' s   ro ta t ion .  
Since a t  t h e   p r e s e n t   v e l o c i t y   o f   t h e   E a r t h ' s   r o t a t i o n   t h e  term k '  i s  by 
2.5 o rde r s  smaller than  E: t ha t   cha rac t e r i zes   t he   ene rgy   o f   t he   ro t a t ion ,  
i t  is  more co r rec t   t o   j udge   t he   connec t ion   be tween   t he   ro t a t ion  and l o s s e s  
no t  by k '  and E; b u t   r a t h e r  by E '  and E;' But   these  values   appear   every-  

where as a sum. Hence, f o r   g i v e n   e c c e n t r i c i t i e s   o f   t h e   b o d i e s '   o r b i t s ,  
t h e   f a s t e r   t h e   r o t a t i o n   o f   t h e   p l a n e t ,   t h e  smaller should  be  the  thermal 
losses   of   the   process   of   accumulat ion.   This   deduct ion i s  phys ica l ly  
conceivable  from  the  following: The r o t a t i o n  i s  acce le ra t ed  more 
i n t e n s i v e l y ,  (a) the   g rea t e r   t he  number of  par t ic les  impinging i n   t h e  
d i r e c t i o n  of r o t a t i o n ,  and  (b)  the amaller the  number of  par t ic les  
impinging   aga ins t   the   ro ta t ion ,  i . e . ,  the  smaller t h e   v e l o c i t y  a t  which 
the  impingements  occur;  and  hence  the smaller the   t he rma l   l o s ses .  By 
the  way, t h i s   deduc t ion  i s  a l s o   v a l i d   f o r  0 .  J. Schmidt 's   analysis   of  
t he   mo t ion   o f   bod ie s   i n   c i r cu la r   o rb i t s .   I n   h i s   ba l ance   equa t ions ,   t he  
ene rgy   o f   t he   l o s ses   a l so  appears toge ther   wi th   the   energy   of   ro ta t ion ,  
as a sum of   the two. 

r 

T h u s ,   t h e   c a l c u l a t i o n   o f   t h e   p l a n e t ' s   r o t a t i o n a l   e n e r g y ,  which i n  
ba lance   equat ions   p lays  a c o n s i d e r a b l y   g r e a t e r   r o l e   t h a n   t h e   r o t a t i o n a l  
moment of   the   p lane t  , l e a d s   t o   t h e  new conclus ion   tha t   the   thermal   losses  
decrease   wi th   the   increase  of r o t a t i o n a l   v e l o c i t y .  

It i s  p o s s i b l e   t o   f i n d  a p l a n e t   r o t a t i o n   c o r r e s p o n d i n g   t o  m a x i m u m  
thermal   losses .   Le t  us assume t h a t  a c e r t a i n  set  of par t ic les  and bodies 
is  c o n s o l i d a t i n g   i n t o  a p l a n e t   i n  two ways d i f f e r i n g   i n   t h e i r   t h e r m a l  
l o s s e s .   I n   t h e   f i r s t  case , t he   p l ane t  i s  formed  on a c i r c u l a r   o r b i t   w i t h  
the   r ad ius  R.  In   the   second  case  i t  i s  formed  on  an o r b i t   w i t h   t h e  
r ad ius  R t 6R. The f u l l  moment of  the momentum should be i d e n t i c a l ;  
therefore ,   the   change   of   the   o rb i ta l  moment i s  compensated  by  the /162 
change i n   t h e   r o t a t i o n a l  moment 

This w i l l  l e a d   t o  a change i n   t h e   r o t a t i o n a l   e n e r g y  

- - -  I w , Kr - I r w r ;  6Er = I w 6w = w 6Kr; 2 - 
Er 2 r r  r r  r r 
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The change i n   t h e   o r b i t a l   e n e r g y  

w 
- - " GMm 6R = - - 6Er C 

W r 

proves  to   be mush smaller than 6E due t o   t h e   s m a l l n e s s   o f   t h e   o r b i t a l  r 
angu la r   ve loc i ty  w i n  comparison  with  the  rotact ional   veloci ty  w . 
Therefore ,   the   change  in   the  total   mechanical   energy 

C r 

6E0 + 6Er = - 2 E (wr - wc) 6R 

i s  determined  by  the  change  of 6E . I f   t he   t he rma l   l o s ses  are increased ,  

i .e . ,  the  mechanical  energy i s  decreased,   then a t  w > w 6R > 0 and the  
v e l o c i t y  of r o t a t i o n  w i l l  decrease .  

r 
r C '  

The l o s s e s  of energy are maximum when the  sum of t h e   o r b i t a l  and 
r o t a t i o n a l   e n e r g i e s  i s  minimum. For   t h i s ,  i t  i s  necessary   tha t  6E + 
6Er = 0 ,  accord ing   t o  (24), t h a t  w = w . Hence, the   thermal   losses  are 

maximum when t h e   p l a n e t   r o t a t e s   a b o u t  i t s  own axes   wi th   the   ve loc i ty  of 
r o t a t i o n  of t h e   c l u s t e r   i t s e l f ,  i . e . ,  when i t  does   no t   ro ta te  re la t ive 
t o   t h e   c l u s t e r .  A t  the  m a x i m u m  thermal   losses ,   the   ro ta t ion  would  be- 
come d i r e c t   b u t  i t  would  be  too small i n  compar ison   wi th   the   ac tua l  
r o t a t i o n  of t h e   p l a n e t s .  The g r e a t e r   t h e   r o t a t i o n  i s  r e l a t i v e   t o   t h e  
c l u s t e r ,   t h e  smaller the   thermal   losses .   In   addi t ion ,  as f a r  as the  
lo s ses  are concerned, i t  i s  q u i t e  immaterial i n  which d i r ec t ion ,   coun t ing  
from w t h e   r o t a t i o n  i s  occurr ing ,  as i t  i s  p o s s i b l e   t o  show t h a t   t h e  
lo s ses  are i d e n t i c a l   f o r   t h e   v e l o c i t y  w + AU and f o r   t h e   v e l o c i t y  

w - nW. For &I > wC the   ques t ion  of d i r e c t i o n  of rotation  remains  open. 

0 

r C 

C '  

C 

C 

The c o n c l u s i o n   o f   d i r e c t   r o t a t i o n  a t  s u f f i c i e n t l y   l a r g e   h e a t  
l o s ses  was a r r i v e d  a t  a l s o  by G.  F. Khilmi  (Ref. 1 6 ) .  It was based  on 
a n   i n e q u a l i t y ,   i d e n t i c a l l y   s a t i s f i e d ,  and v a l i d   f o r  any  system  of  bodies 
independent   o f   the   charac te r   o f   the i r   mot ion .  1163 

0' I; 2T - c m . r !  2 
J2 1 1  ' 

where 0 and J are r e s p e c t i v e l y   t h e   o r b i t a l  moment of   the  momentum and 
the  moment of i n e r t i a  of the  system. The r i g h t   s i d e  of t h i s   i n e q u a l i t y  
i s  always  greater   than 0 since t h e   r a d i a l   v e l o c i t i e s  of the   bodies  r' 

i 

2 
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are smaller t h a n   t h e i r   f u l l   v e l o c i t i e s   e n t e r i n g   i n t o   t h e   o r b i t   k i n e t i c  
energy  of   the  system T. Therefore  when T -, 0 ,  t h e   r i g h t   s i d e   a l s o  
approches 0 .  Hence,   according  to  G. F. H i l m i ,  w i th   an   appropr i a t e  
d e c r e a s e   i n  T, t h e   o r b i t a l  moment of  momentum of the  system  should 
decrease ,  i .e. ,  i t  should   t ransform  in to  a r o t a t i o n a l  moment. The 
thermal   losses  a t  c o l l i s i o n s   l e a d  to t h e   o v e r - a l l   d e c r e a s e   i n  T, and 
h e n c e   t o   d i r e c t   r o t a t i o n  of the  forming  bodies .  

However , the   deduct ion  of t h e   s u b s t a n t i a l   d e c r e a s e   i n  T and  the 
d i r e c t   r o t a t i o n  i s  j u s t i f i e d   o n l y   i n   t h e  case of a l l  t h e   b o d i e s   i n   t h e  
sys t em  conso l ida t ing   i n to  one ( c e n t r a l )  body.  But  then, i t  i s  s e l f  
ev iden t ,  as t h e   f u l l  moment of   the  system  (not   equal   to  0) i s  t r a n s -  
formed i n t o   t h e   r o t a t i o n a l  moment. I n   t h e  case of   the  formation of a 
system  of  bodies  moving i n   c i r c u l a r   o r b i t s  , a s u b s t a n t i a l   d e c r e a s e   i n  T 
does  not  occur.  The e x t i n c t i o n  of r e l a t i v e   v e l o c i t i e s   o f   t h e   b o d i e s  a t  
c o l l i s i o n s   d e c r e a s e s   t h e   r i g h t   s i d e   o f   t h e   i n e q u a l i t y   t o  a magnitude 

mv - i T .  A change i n  T due   t o   t he   conso l ida t ion   o f   t he   bod ie s   i n to  a 

planet   depends  on  the  dis tance Ro of  the  forming  planet  from  the  Sun. 

P r io r   t o   t he   conso l ida t ion   o f   t he   bod ie s  and p a r t i c l e s   i n t o  a p l a n e t ,  

t h e i r   o r b i t a l   k i n e t i c   e n e r g y  T i s  p r o p o r t i o n a l   t o  a , and a f t e r   t h e  

conso l ida t ion ,  T "0 . From (13)   in   which y < 0 and  on the  order   of  

- E ' ,  i t  i s  s e e n   t h a t  a. a i . e . ,   t h a t  T changes   on ly   s l i gh t ly .  The 

c o n d i t i o n   f o r   d i r e c t   r o t a t i o n  (2) assumed  by 0 .  J. Schmidt Ro < R even 

l e a d s   t o  T > T ,  i . e . ,  n o t   t o  a d e c r e a s e   i n   k i n e t i c   e n e r g y  T a t  the  

conso l ida t ion  of   bodies   into a p l a n e t ,   b u t ,  on t h e   c o n t r a r y ,   t o  i t s  
i n c r  e as e . 

2 2 
Z 

-1 
e -1 

e '  

e 

0 

The p lane t  w i l l  r o t a t e   t h e   f a s t e r ,   t h e   s m a l l e r  i t s  o r b i t a l  
moment, i . e . ,  the  smaller i t s  o r b i t a l   r a d i u s ,  and hence  the  greater   the 
o r b i t a l   k i n e t i c   e n e r g y  T .  Thus ,   the   re la t ionship   be tween  the   o rb i ta l  
energy T and the   ro t a t ion   o f   t he   p l ane t  i s  a c t u a l l y   r e v e r s e d ;   t h i s  i s  i n  
no way r e f l e c t e d   i n   t h e   i n e q u a l i t y   u s e d  by G .  F.  H i l m i .  The very  minute 
e f f e c t  of t h e   o r i g i n a t i o n  of r o t a t i o n ,   c o n n e c t e d   w i t h   t h e   t r a n s i t i o n  of 
only  one  mil l ionth p a r t  o f   t h e   o r b i t a l  moment i n t o  a r o t a t i o n a l  moment, 
can  not  be revea led   in   an   inequal i ty   in   which   the   d i f fe rence   be tween  the  
r i g h t  and l e f t   s i d e s  may reach  more than lo$. 

It must fu r the r   be   po in t ed   ou t   t ha t   t he   ro t a t ion   ene rgy  of the 
planet   does  not  a p p e a r  as s u c h   i n  ( 2 5 ) ;  i t  i s  combined with  the  energy 
o f   t he   l o s ses .   Because   o f   t ha t ,   an   i nc rease   i n   ro t a t iona l   ve loc i ty  would 
a p p e a r  t o  be  coupled  with a dec rease   i n   t he rma l   l o s ses ,  as was deduced 
above by means of ( 2 4 ) .  It has  the  appearance  of   rotat ional   energy / I 6 4  
account ing   for   an  economy in   t he rma l   l o s ses .   Thus ,   t he   r e l a t ionsh ip  
between r o t a t i o n  and  thermal   losses   real ly   a lso  emerges as reversed .  
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In   h i s   subsequen t ' book  G .  F .  H i l m i  (Ref. 17)  analyzing  the same 
i n e q u a l i t y  (25) imposes  on  the  system  an  addi t ional   res t r ic t ion.  He 
assumes t h a t   t h e  moment of i n e r t i a  of the  system J2 decreases   with t i m e .  
However, even   w i th   t h i s   suppos i t i on  i t  does  not  follow  from  the  in- 
e q u a l i t y  (25) t h a t   d i r e c t   r o t a t i o n  of t he   p l ane t s  i s  a r e q u i s i t e   o f   t h e  
process   o f   the i r   format ion .  

It i s  necessary   to   emphas ize   tha t  a l l  t he   ob jec t ions   c i t ed  above 
do not   concern  the  bases   of  0. J. Schmidt 's   theory  of  formation  of 
p l ane t s  by  means of accumula t ion   of   r ig id   bodies  and the   impor tan t   ro le  
p l a y e d   i n   t h a t   p r o c e s s  by the   thermal   losses .  The ob jec t ions  are d i r e c t e d  
on ly   aga ins t   t he   i dea   t ha t   g rea t   t he rma l   l o s ses   exp res s ly   cond i t ioned   t he  
d i r e c t   r o t a t i o n  of p l a n e t s .  The r o t a t i o n  of   the  planets  as w e l l  as the  
thermal  losses  themselves were condi t ioned by s p e c i f i c   c o n c r e t e   c o l l i -  
s ions  of t he   conso l ida t ing   bod ie s .  The f i r s t  i s  no t  a consequence  of  the 
second,   s ince  each i s  determine by b a s i c   r u l e s  of  motion  of  the  consol- 
da t ing   bodies .   I f ,   fo r   example ,   the   p lane ts   were   forming   in  a non- 
r o t a t i n g   c l u s t e r   t h e y  would not  have  acquired a d i r e c t   r o t a t i o n   e v e n   i f  
the  losses  reached  magnitudes of the same o rde r .  

It i s  n a t u r a l   t o   c o n n e c t   t h e   d i r e c t   r o t a t i o n   o f   t h e   p l a n e t s   w i t h  
t h e   g e n e r a l   r o t a t i o n   o f   t h e   e n t i r e   c l u s t e r  whose members are consol ida t ing  
i n t o   p l a n e t s .  The bodies  landing  on  the embryo of   the   p lane t   ac tua l ly  
may happen t o  impinge some t o   t h e   r i g h t  and some t o   t h e   l e f t   o f   t h e  axis 
of r o t a t i o n   b r i n g i n g   e i t h e r  a p o s i t i v e   o r  a nega t ive  moment.  However, 
t h e   o v e r - a l l   r o t a t i o n   o f   t h e   e n t i r e   c l u s t e r   o f   t h e   b o d i e s   c r e a t e s  a 
c e r t a i n  small  asymmetry  of  impacts  which i n   t h e   f i n a l   a n a l y s i s   d e t e r m i n e s  
the   ro t a t ion   o f   t he   p l ane t   (Re f .  18). 

The moment which i s  impar ted   to   the   p lane t ' s   nuc leus  m by an  
impinging body o f  mass dm which p r io r   t o   t he   encoun te r  had v e l o c i t y  v 
r e l a t i v e   t o   t h e   p l a n e t ' s   n u c l e u s  i s  equal  to  arvdm,  where ar i s  the  
d i s t a n c e   i n   l i n e   o f  a i m  of  the  impinging body ( i n  a tangent ia l   impact  

Q = 4-1 . The average moment which i s  imparted by many bodies 
v r  

w i l l  be  determined  by  the sum of   these   vec tors .  L e t  ?i be  the  average 
value  of a unencumbered  by  random f l u c t u a t i o n s   a r i s i n g  a t  impingements 
by l a rge r   bod ie s .  Then t h e   p l a n e t ' s   r o t a t i o n a l  moment increment  coin- 
c i d i n g   i n   d i r e c t i o n   w i t h   t h e  moment of t h e   e n t i r e   c l u s t e r  i s  equa l   t o  

dKr = Ervdm. (26) 

The magnitude a exac t ly   cha rac t e r i zes   t he   deg ree   o f  asymmetry 
of t he  i m p a c t s .  Ar i s ing  f rom  the   fac t   o f   the   p lane t ' s  embryo  and of   the 
impinging  bodies '   motion  around a c e n t r a l  body - the  Sun. 
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Assuming, as a f i r s t   a p p r o x i m a t i o n ,   t h a t  E remains  constant   / I65 
dur ing   the   p rocess  of the   p lane t ' s   g rowth   and   tak ing   for  v the   gene ra l ly  

used  value v = E OC r, where r i s  the  radius   of   the   growing  planet ,  

then 

dK cc r2 dim QI m 2 l 3  dm and K a m . 5 / 3  
r r 

Hence, i n   t h e   c o u r s e  of t h e   e n t i r e   p r o c e s s  of growth 

W M cons t . (27) 

It may a l so   be  assumed tha t   t he   deg ree  of  asymmetry of  the  impinge- 
ments  determined by t h e   r o t a t i o n   o f   t h e   t o t a l   c l u s t e r  was e s s e n t i a l l y  
not  dependent  upon  the  distance  of  the  growing  planet  from  the  Sun.  This 
would lead  us to   t he   deduc t ion  of approximate   equal i ty   o f   the   per iods   o f  
r o t a t i o n   f o r  a l l  planets ,   independent  of t h e i r  mass and d i s t ance  from 
the  Sun. It i s  known t h a t  one  of t h e   f e a t u r e s   c h a r a c t e r i s t i c   o f   t h e  
so la r   sys tem i s  p r e c i s e l y   t h e  small d i f f e r e n c e   i n   p e r i o d s   o f   t h e   p l a n e t ' s  
ro t a t ion   desp i t e   t he   t r emendous   d i f f e rences   i n   t he i r  masses. Therefore ,  
i t  fo l lows   t ha t   t he  above  assumptions are c l o s e   t o   a c t u a l i t y .  The 
impingements  by la rger   bodies   caused   devia t ions  of t h e   a c t u a l  moments of 
t he   p l ane t s   f rom  the   ave rage ,   r e su l t i ng   i n   i nc l ina t ions   o f   equa to r i a l  
planes of t h e   p l a n e t s   t o   t h e   c e n t r a l   p l a n e  of t h e   c l u s t e r .   I n   v i e w  of 
the  large  magnitude  of  the moment t h a t  may be  imparted  by  individual 
bodies ,  i t  must  be  concluded  from  the  fact of t h e   p l a n e t ' s   d i r e c t  
r o t a t i o n ,   t h a t   t h e  masses o f   t he   l a rges t   imp ing ing   bod ie s   du r ing   t he   f i na l  
s tage  of   the  planet ' s   growth w e r e  l ess   than   10-2  of the  mass of   the  planet  
i t s e l f .   I n   t h e   c a s e  of  Uranus, t h i s   c o n d i t i o n   e v i d e n t l y  was n o t   f u l -  
f i l l e d  and the random  component o f  t h e   r o t a t i o n a l  moment turned   ou t   to  
be   g rea te r   than   the   average .  

Thus, i t  i s  p o s s i b l e   t o  assume that   the   concept   of   the  asymmetry 
of the  impingments  being  the  cause of t h e   p l a n e t ' s   r o t a t i o n  i s  b a s i c a l l y  
c o r r e c t .  It leads  to   the  deduct ions  about   the small v a r i a t i o n   i n   t h e  
p e r i o d s   o f   r o t a t i o n  of t he   p l ane t s  and  about   the  ident ical   d i rect ion  of  
t he i r   ro t a t ion ,   wh ich  i t  i s  more n a t u r a l   t o  assume as co inc id ing   wi th  
t h e   d i r e c t i o n  of r o t a t i o n  of t h e   e n t i r e   c l u s t e r   t h a n  as c o u n t e r   t o  i t .  

This r e su l t  i s  der ived  from the  natural   assumptions  about   the 
v a r i a t i o n  of t h e   r o t a t i o n a l  moment in   t he   nuc leus -p lane t   du r ing   t he  
process  of i t s  growth.  In a similar way i t  i s  p o s s i b l e   t o  make c e r t a i n  
most   seemingly  natural   assumptions  about   the  rotat ional   energy of the  
p l ane t ' s   nuc leus  and then compare the  obtained r e s u l t  wi th   the   p rev ious  
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r e s u l t .  From t h e   r e l a t i o n s h i p s  ( 2 3 )  i t  i s  seen   t ha t   t he   on ly  s i m p l e  
assumption  regarding E '  which d i r e c t l y   d e r i v e s  from dimensional  consid- 

e r a t i o n s ,  is  t o   a l l o w   t h a t  T '  a- s i n c e  on t h e   r i g h t   s i d e  U and /166 

v2 are p r o p o r t i o n a l   t o  GM/r  and s ince   consequent ly ,  

o b t a i n  dEr a m 2 l 3  dm, i .e. , cx K w a m5'3 , and s i n c e  K a m 5 l 3  w , w e  

aga in  come t o   t h e   c o n c l u s i o n   t h a t  w w cons t .  

r Gm 
r r  Gm 

Et 1: 

Er r r 

P . Then we a- 

The agreement  of r e s u l t s   a r r i v e d  a t  by two d i f f e r e n t  methods  and 
a l so   the   genera l   agreement   wi th   the   ac tua l   da ta   o f   the   ro ta t ion   o f   p lane ts  
a t tes ts  t o   t h e i r   p r o b a b i l i t y .  However, i t  i s  necessary   to   emphas ize   tha t  
t h i s   r e s u l t  must s t i l l  be  regarded a s  a f i r s t   app rox ima t ion   on ly .  
For a more r i g o r o u s   s o l u t i o n  of the  problem  concerning  the  planet ' s  
r o t a t i o n ,  i t  i s  necessary   to   p roduce  a quan t i t a t ive   eva lua t ion   o f   t he  
magnitude  of  asymmetry E based on a s t a t i s t i c a l   e x a m i n a t i o n  of t he  
r e s t r i c t e d  problem  of th ree   bodies .  

However, t h i s  s t i l l  would not  have  given a complete   solut ion  of  
a l l  the  problems  connected  with  the  planet ' s   rotat ion.  The fol lowing 
quest ions would s t i l l  have  remained  unanswered. 

1. Why are t h e   o r b i t s  of  the s a t e l l i t e s  loca ted ,  as a r u l e ,   i n  
the   p lane   o f   the   p lane t ' s   equa tor?  Is t h i s   r e l a t e d   t o   t h e   l a n d i n g  on 
the  planet   of  a cons ide rab le   quan t i ty   o f   ma t t e r   f rom  the   s a t e l l i t e  
c l u s t e r   ( o r  is th i s   connec ted   wi th  some o the r   man i fe s t a t ion  of  the 
conso l ida t ion   p rocess ) ,   o r  i s  t h i s   r e l a t e d   t o   t h e   l o n g  dynamic evo lu t ion  
of  the s a t e l l i t e  sys tems  tha t   took   p lace   a f te r   the i r   format ion?   I f   such  
a dropping of m a t t e r   f r o m   t h e   s a t e l l i t e   c l u s t e r   d i d   o c c u r ,   t h e n   i n  what 
way d id  i t  a f f e c t   t h e   r o t a t i o n  of t he   p l ane t s?  

2 .  What w a s  t h e   i n i t i a l   r o t a t i o n  of the   Ear th   l ike?   There  are 
ser ious   a rguments   in   favor  of t h e   i d e a   t h a t   t h e  Moon was a t  f i r s t  a t  a 
c o n s i d e r a b l y   c l o s e r   d i s t a n c e   t o   t h e   E a r t h   t h a n  now, arguments  deriving 
from cons ide ra t ions  of t i d a l   e v o l u t i o n ,  as we l l  as from  contemporary 
concepts  of the  process  of  the Moon's formation  (Ref .   19) .  Did the 
recess ion   of   the  Moon from  the  Earth  occur   because  of   t ides   or   because 
of  the Moon's conso l ida t ion   w i th  matter having a much g r e a t e r  moment of 
momentum r e l a t i v e   t o   t h e   E a r t h ?   I n   t h e   f i r s t  case, the   Ear th   should  
h a v e   b e e n   i n i t i a l l y   r o t a t i n g   s e v e r a l  times f a s t e r ,   b u t   t h e n  i t  would 
have   been   ro ta t ing   cons iderably   fas te r   than   the   o ther   p lane ts   and  would 
have  thus , f o r  some reason ,   devia ted  from t h e   g e n e r a l   r u l e .  

3 .  Can t h e  moment of the  momentum of the  Earth-Moon system  be 
considered  constant?  E. Holmberg (Ref. 2 0 ) ,  i n   p a r t i c u l a r ,   s u g g e s t e d  
the   cons idera t ions   tha t   the   semi-d iurna l   pu lsa t ions   o f   the   Ear th ' s  
a tmosphere  could  support   the   rotat ion  of   the  Earth  with a per iod   c lose  
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t o   t h e   p e r i o d  of t h e   n a t u r a l   o s c i l l a t i o n s  of the  atmosphere.   Observations 
r e v e a l   t h a t   t h e  m a x i m u m  compression  ( the  protuberance)   lags   hours   behind 
the Sun o r i e n t a t i o n .  The t i d a l   e f f e c t  of the  Sun  on  the  atmospheric 
protuberances  could,   according  to  Holmberg, i m p a r t  the   necessary  moment 
of momentum t o   t h e   E a r t h .  However, p re sen t ly ,   t he   acce le ra t ion  of /167 
t h e   E a r t h ' s   r o t a t i o n  by so la r   a tmosphe r i c   t i des  is  of  an  order less than 
i t s  d e c e l e r a t i o n  by lunar  sea t ides   (Ref .  21) and the   suppos i t i on   t ha t  
i n  the past ,  t h e   a c c e l e r a t i o n  was much g r e a t e r  i s  not   very  convincing.  
So f a r ,   t h e r e  i s  s t i l l  no  meeting  of  minds  on t h i s   q u e s t i o n ,  and f u r t h e r  
i n v e s t i g a t i o n s  are necessary.  
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ON  THE DISPERSION OF VELOCITIES I N  ROTATING  SYSTEMS / 1 6 8  
GRAVITATING BODIES WITH INELASTIC  COLLISIONS 

V .  S .Safronov 

The ene rgy   i nc rease   o f   i r r egu la r   mo t ion   i n  a sys tem  of   g rav i ta t ing  
bodies   o f   ident ica l  masses m and r a d i i  r wi th  a d i f f e r e n t i a l   r o t a t i o n  i s  
eva lua ted  by a well-known  method  of  determining  the  heating of  v i scous  
medium in   the   p resence   o f  a v e l o c i t y   g r a d i e n t .  The expres s ion   fo r   quan t i ty  
of   l iberated  energy  which i s  appl ied   in   ro ta t ing   sys tems  having  a g r e a t  
mean f r e e   p a t h  i s  de r ived .  The i n e l a s t i c   c o l l i s i o n s   o f   b o d i e s   d e c r e a s e  
the   energy   of   i r regular   mot ion  more t h a n   t h e   r e l a t i v e   v e l o c i t i e s .  From 
the  condi t ions  of   the   equal i ty   of   the   emit ted  and  absorbed  energy  of  
i r r egu la r   mo t ion ,   t he   exp res s ion  was d e r i v e d   f o r   t h e   ( e q u i l i b r i a l )   r e l a -  
t i v e   v e l o c i t y  of  bodies i n   t h e   s y s t e m .   T h i s   v e l o c i t y   h a s   p r a c t i c a l l y   t h e  
same cha rac t e r  of  dependence on m and r as the   equat ion   found  ear l ie r  by 

L .  E .  Gurevich and A .  I. Lebedinskiy  (vL G m / r )  . T h e  c o e f f i c i e n t   o f  
p r o p o r t i o n a l i t y  i s  determined by t h e   d e g r e e   o f   i n e l a s t i c i t y  of c o l l i s i o n s ,  
and i t  i s  also  dependent  upon the  parameter which i s  connected  with  the 
c h a r a c t e r i s t i c s  of the  energy and momentum t r a n s f e r   i n   r o t a t i n g   s y s t e m s  
wi th  a long d u r a t i o n   o f   f r e e   f r i g h t .  The numerical   value  of   this  param- 
eter is no t   accu ra t e ly  known. 

The problem  concerning  the  dispersion of t h e   v e l o c i t i e s  of g rav i -  
ta t ing  bodies   which are s u b j e c t e d   t o   i n e l a s t i c   c o l l i s i o n s   p r e s e n t s  a 
spon taneous   i n t e re s t   i n   p l ane t  cosmogony s ince  the  process   of  accumu-/169 
l a t i o n  of p l ane t s   p r imar i ly  i s  r e d u c e d   t o   c o l l i s i o n s  and junc t ions  of a 
g r e a t  number of  protoplanet  bodies.   Having  been  formed  in a p lanar   dus t  
d i sc ,   t hese   bod ie s  had i n i t i a l l y  small r e l a t i v e   v e l o c i t i e s  and moved 
p r a c t i c a l l y   i n   K e p l e r i a n   c i r c u l a r   o r b i t s .  But i n   t h e   c o u r s e   o f   t h e i r  
combination and i n c r e a s e   i n  mass, t h e y   b e g a n   t o   i n t e r a c t   g r a v i t a t i o n a l l y  
wi th   one   ano the r ,   and   t he i r   r e l a t ive   ve loc i t i e s   g radua l ly   g rew,   i . e . ,   t he  
e c c e n t r i c i t i e s  of t h e i r   o r b i t s  grew. 

An approximate   express ion   for   the   d i spers ion   of   the   ve loc i t ies   in  
pro toplane ts  w a s  fo rmula t ed   i n  1950  by L .  E .  Gurevich and A .  I. Lebedinskiy 
(Ref. 1). The period  of  the  bodies '   conjuncture is  much less t h a n   t h e i r  
periods  of  revolution  around  the  Sun.  Therefore,   the  conjuncture  might be 
considered as a two-body  problem: the   vec to r  of t h e   r e l a t i v e   v e l o c i t y  v 
of  the  approaching  bodies  having  masses m does  not  change  in  magnitude 
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and  merely  rotates  through  an  angle  of 0 M- or  0 4 - . Therefore ,  

a change i n   t h e   e c c e n t r i c i t y  e of the   body ' s   o rb i t   occurs .   This   can   be  
approximated by the   equa t ion  

Gm II 

Dv2 2 

eAe M - Gm 

DV,' ' 

where Vc i s  t h e   c i r c u l a r   v e l o c i t y ,  and D is the   t a rge t   d i s tance .   Accord-  

i n g   t o   t h e   a u t h o r s ,   i f  you f u r t h e r  assume t h a t   t h e r e  is a change i n   t h e  
o r b i t ' s   , e c c e n t r i c i t y  ne a t  the   c loses t   conjunctures  when D = 2r  (I: i s  the  
r ad ius  of the  body) w i l l  by i t s  order  of  magnitude  equal  the,value  of  the 
e c c e n t r i c i t y  e ,  then  from (1) i t  i s  p o s s i b l e   t o   f i n d  e and consequently 
the   re la t ive   ve loc i ty   o f   the   bodies  

The conclusion is  q u a l i t a t i v e l y   c o r r e c t .  However, i t  i s  not  
s u f f i c i e n t l y   r i g o r o u s .  The c o r r e l a t i o n  (1) is on ly   va l id   w i th  small va lues  

of 0 ,  i . e .  , dur ing   (d i s t an t )   con junc tu res .   S ince  ne X 0 ,  t h e n   i n  

t h i s   c a s e ,  Ae < e .  But  the  authors  applied (1) to   t he   c lose   con junc tu res  
tak ing  D = 2r and  assuming t h a t   w i t h   t h i s ,  Ae M e .  The e r r o r   t h a t  i s  
introduced i s  not  clear s ince   wi th   l a rge   va lues   o f  8, t he   co r re l a t ions  
prove  to   be more  complex  and i t  i s  imposs ib l e   t o   ob ta in  from them an  
expres s ion   fo r  v which  would  be  analogous t o  ( 2 ) .  

lavl 
e V 

The d i s p e r s i o n  o f   t h e   v e l o c i t i e s   i n   g r a v i t a t i n g   b o d i e s   i n  a system 
wi th  a d i f f e r e n t i a l   r o t a t i o n   o c c u r s  as a r e s u l t   o f   t h e   t r a n s i t i o n  of 
energy   of   regular   mot ion   in to   energy   of   i r regular   mot ion .  The p o t e n t i a l  
ene rgy   o f   t he   sys t em  wi th   r e spec t   t o   t he   cen t r a l  mass decreases ;   the  
system i s  somewhat compressed i n   t h e   d i r e c t i o n  of t he   ax i s   o f   ro t a t ion .  
I n   t h e   c a s e   o f   a b s o l u t e   e l a s t i c   c o l l i s i o n s   t h e i r   v e l o c i t i e s  would /170 
i nc rease  a l l  the   whi le  and  would  be  no co r re l a t ion   o f   t ype   (2 ) .   I n   an  
a c t u a l   s y s t e m   w i t h   i n e l a s t i c   c o l l i s i o n s ,   t h e   d i s p e r s i o n   o f   t h e   v e l o c i t i e s  
i s  determined by the   ba lance   be tween  energ ies   tha t  are acquired  during 
the  conjunctures  and e n e r g i e s   l o s t   d u r i n g   c o l l i s i o n s .   I n   t h e  work (Ref. 
1) the  assumption ne w e when D = 2 r  is e s sen t i a l ly   an   obscu re   expres s ion  
of  such a balance.  The e s sen t i a l   " cha rac t e r i s t i c "   d imens ion   shou ld  be 
a c t u a l l y  on the   o rder  of 2 r .  However, equat ion  (2)   does  not  show the  way 
i n  which   the   d i spers ion   of   the   ve loc i t ies  is  dependent  on  the  character 
o f   t he   bod ie s '   co l l i s ions  f rom  the   degree   o f   the i r   ine las t ic i ty .   There-  
fore ,   the   p roblem  must   be   approached   in   g rea te r   de ta i l   in   o rder   to   f ind  
t h i s   r e l a t i o n s h i p  more c l e a r l y .  
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1. The Dispersion  of   Veloci t ies   During  Short   Per iods 
of   Free   F l igh t  

We w i l l  cons ide r   t ha t  a l l  bodies   have   ident ica l  masses m and 
r a d i i  r .  S o  f a r   p e r i o d s   o f   f r e e   f l i g h t   o f   b o d i e s  are shor t   in   compar ison  
with  the  dis tance  f rom  the Sun ( i . e .  , so  far   the   bodies   themselves  are 
small) the   g rowth   of   the   d i spers ion   of   the i r   ve loc i t ies   can   be   eva lua ted  
by ordinary  formulae of hydrodynamics. In a f l u x   p o s s e s s i n g   a x i a l  
symmetry  and r o t a t i n g   w i t h   a n   a n g u l a r   v e l o c i t y   o f  w(R), the amount  of 

e n e r g y   d i s s i p a t e d   i n  1 cm / sec   due   t o   t he   mo lecu la r   v i scos i ty  i s  d e t e r -  
mined  by the  equat ion 

3 

where 7 M 1 / 3  pvX, i s  t h e   c o e f f i c i e n t  of v i s c o s i t y ;  and R i s  the   d i s t ance  
from  the  axis  of  rotation.  Having  applied (3)  to   our   system  of   bodies ,  
we ob ta in   t he  amount of   energy   which   goes   in to   the   increase   o f   the i r  
r e l a t i v e   v e l o c i t i e s .  The c o r r e l a t i o n  ( 3 )  has a s i m p l e  p h y s i c a l   i n t e r -  
p r e t a t i o n .  On the  average,  113  of a l l  par t ic les  t r a v e l   i n  a r a d i a l  
d i r ec t ion .   Dur ing   t he   pe r iod   o f   f r ee   f l i gh t   pa th  T fol lowing  the  path 
h they  acquire  a re la t ive v e l o c i t y  of t h e   d i f f e r e n t i a l   m o t i o n  Av = 

R - X which  transfers  from a r e g u l a r   i n t o  a chaot ic   ve loc i ty .   Dur ing  

the  per iod T = h/v  the  thermal  energy  112 Av = - 2 
(dJ h i s  emit ted 

per  one  unit of mass. Since K2 = 2x2 , then by having   d iv ided   th i s  
express ion  by T and mul t ip ly ing  i t  by 113 p, where p i s  the   dens i ty   o f  
the medium we o b t a i n  ( 3 ) .  

- 

dw 
dR 2 l R 2   & 2 - 2  

So f a r   on ly   t he   bod ie s  of small mass a r e   b e i n g   i n v e s t i g a t e d ,   t h e i r  
g r a v i t a t i o n a l   i n t e r a c t i o n   w i t h  one another  i s  small and the  period  of 
f r e e   f l i g h t  i s  determined by the i r   geomet r i c   c ros s   s ec t ion .  Between the 
two consecu t ive   co l l i s ions   t he  body acqui res   f rom  the   d i f fe ren t ia l   ro ta -  
t ion  an  energy  of   the random motion  which  equals  on  an  average  one  unit  
mass f 1 7 1  

L e t  us assume tha t   du r ing   t he   co l l ' i s ion ,   t he  body loses   an  energy 
of E p e r  un i t   o f  mass. This  energy amounts t o  a po r t ion  5 of i t s  

2 
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ene rgy   o f   r e l a t ive   mo t ion .  After having  designated  the  veloci ty   of   the  
body a f t e r   t h e   c o l l i s i o n  by v and the   ve loc i ty   before   the   fo l lowing  
c o l l i s i o n  by v we have 1 

2 

vf f 2 5  = v 2 , 2€2 = p,. 2 
2 

Then 

E2  = h 2  (vl + 2 6 9  = - 5 2  (v + €l) , 
2 

where  v2 i s  the  average  value  between v2 and  v2 As a r e s u l t  of  the 1 2‘ 
t o t a l   a c t i o n  of   bo th   e f fec ts ,   the  body acqui res  p e r  un i t   o f  mass per 
second  the  energy 

I n   K e p l e r i a n   c i r c u l a r   m o t i o n  

where P i s  the  per iod  of   revolut ion  around  the Sun. I n  a system  of 
i den t i ca l   bod ie s   w i th  a r ad ius  r ,  the  geometr ic   cross   sect ion  of   the 
c o l l i s i o n  i s  e q u a l   t o  4rrr . But t h e   c o l l i s i o n s   c l o s e  t o  tangent ia l   have 
l i t t l e   e f f e c t .   T h e r e f o r e ,  we des igna te   t he   ac tua l   c ros s   s ec t ion  by 

5fiR2 , where 5 i s  on the   o rder   o f   one   un i t .  Then the  t i m e  of the   per iod  
of f r e e   f l i g h t  between c o l l i s i o n s  i s  e q u a l   t o  

2 

where 6 i s  t h e   d e n s i t y   o f   t h e  body  and p i s  t h e   d e n s i t y   i n   t h e   c l u s t e r  , 
i . e . ,  t he  mean mass of t he   subs t ance   en te r ing   i n to   t he   bod ie s  p e r  u n i t  
volume. 

I n   p l a n a r   r o t a t i n g   s y s t e m s   w i t h   t h e   c e n t r a l   f i e l d   o f   g r a v i t y ,   t h e  
values   of  p and v are r e l a t e d   w i t h   t h e   s u r f a c e   d e n s i t y  of t h e   c l u s t e r  and 
the   per iod   of   ro ta t ion  by the s i m p l e  co r re l a t ion   (Ref .  2) 
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pv = - 40 
P .  

Therefore 

I" 
P 6 r  

3 n s c s  

By s u b s t i t u t i n g   i n   ( 7 )   t h e   e x p r e s s i o n s  (8) and ( 9 ' )  , we f i n d  /172 

r ( 2  - 6) n 6 r 2 2 2  
E =  - 11 . 

2T 65s2cs2 

The ana lys i s  of t h i s   co r re l a t ion   a l lows   t he   fo l lowing   conc lus ions   t o   be  
made. 

1. The ve loc i t i e s   o f   t he   bod ie s   dec rease   w i th  t i m e  i f   t h e  dimen- 
s ions  of the   bodies  are s u f f i c i e n t l y  small: 

I f  r > r1 (a l l  the   bodies  are assumed i d e n t i c a l )   t h e n  t h e  v e l o c i t i e s   o f  

t he   bod ie s   i nc rease   r ega rd le s s   o f  v , i . e .  , they  do  not  tend  to  approach 
a l i m i t  of  the  type  (2) . For  the  zone of the  Earth , 0 X 10 gm/cm2; hence , 
r i s  on  the  order   of   several   cent imeters .  1 

2. The inc rease  of v e l o c i t i e s   i n   t h e   c a s e   b e i n g   i n v e s t i g a t e d  
occur s   no t   because   o f   t he   g rea t   g rav i t a t iona l   i n t e rac t ion ,  i . e .  , "rocking" 
each   o ther ,bu t   ra ther   because   o f   the   sys tem's   d i f fe ren t ia l   ro ta t ion .  

3 .  I f ,   i n   t h e   p r o t o p l a n e t a r y  any d u s t   l a y e r ,  by some means a s i g n i -  
f i c a n t  number of  bodies  with a r ad ius   g rea t e r   t han  r (comprising a l a r g e  

p a r t  o f   t he   l aye r ' s  masses) succeeded in   being  formed,   then  the  gravi-  
t a t i o n a l   i n s t a b i l i t y   i n   t h e   l a y e r  w i l l  no t   be   ab le   to   occur .   Actua l ly ,  
t h e   i n c r e a s e   o f   v e l o c i t i e s  when r > r denotes  a d e c r e a s e   i n   d e n s i t y ,  and 

i f   t h e   d e n s i t y  were less t h a n   t h e   c r i t i c a l  by r X rl then by i t s  f u t u r e  

decrease ,  i t  would  be  even less capab le   o f   ach iev ing   t he   c r i t i ca l   va lue .  

1 

1 
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From t h i s ,  i t  s t i l l  does  not   fol low  that   there  w a s  no g r a v i t a -  

t i o n a l   i n s t a b i l i t y   i n   t h e   d u s t   l a y e r .  From (ll), i t  i s  obvious when r 
i s  s e v e r a l  times less than  r t h e   f i r s t  term in   pa ren theses   can   be   d i s -  

r ega rded .   Subs t i t u t ing  T from (9 ' )  we ob ta in   t he   change   i n  v i n  time 
1 

The ve loc i ty   o f   the  pa r t i c l e  decreases  by e times dur ing   the   per iod  - P ,  r 

i . e . ,  less than  during  the  per iod  of   revolut ion  around  the  Sun.  Only 
t h e   c o n s t a n t l y   a c t i n g   o u t e r   e x c i t a t i o n s   c a n   r e s c u e  a cloud  of small 
p a r t i c l e s  from the   r ap id   descen t .  We have  already  mentioned earlier 
tha t   such   exc i t a t ions   can  be expec ted   i n   t he   i nne r  p a r t  of   the   c loud 
where   cond i t ions   fo r   t he   occu r rence   o f   g rav i t a t iona l   i n s t ab i l i t y   a r e  more 
r i g i d .  

'1 

Let  us now eva lua te   t he   ve loc i t i e s   o f   t he   bod ie s  where r > rl.  

Now i n  (11) i t  i s  poss ib l e   t o   neg lec t   t he   s econd  t e r m  i n   b r a c k e t s .  Then, 

dv n 2  (2 - c )  
d t  € = v -  6r v2 

2 fig% 
r 

r The v e l o c i t i e s   i n c r e a s e  by e times dur ing   the   per iod  - P ,  1173 1 

i . e .  , a l so   du r ing  a period  which is less than  the  revolut ion  around  the 
Sun. L e t  us assume tha t   t he   bod ie s   un i t e   du r ing   co l l i s ions .  Then  one 
can   f ind  v re la t ive   to   the   d imens ions  of the   bodies   s ince  

then  on  the  basis  of  (10) 

where y i s  the   p robab i l i t y   t ha t   t he   bod ie s  w i l l  u n i t e   d u r i n g   c o l l i s i o n s ,  
i .e. , the   magni tude  on  the  order   of   uni ty .  From (14) and (16) we o b t a i n  

" dv n2  (2 - 5) 62 - 
V 

r d r .  
47C2O2 
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L e t  us assume t h a t  when r - > r ve loc i ty   o f   t he   bod ie s  v = v Then - ro 1 0 '  

When ro = 5 cm, t h e   m u l t i p l i e r   b e f o r e   t h e   b r a c k e t  i s  on  the  order  of 

uni ty .   Therefore ,   f rom (18) i t  fo l lows   t ha t  i t  i s  s u f f i c i e n t   t h a t  r 
would inc rease   on ly   s eve ra l  times, such   tha t  v would  reach  very  high  values 
and  would l ead   t o   t he   des t ruc t ion   o f   t he   bod ie s  as such.  However, 
such  deduction would  be i n v a l i d .  Wi th   an   i nc rease   i n   v ,   t he   t h i ckness  of 
t he   l aye r   i nc reases ,  and  hence  the  length  of  the  period of f r e e   f l i g h t  of 
the  bodies   increases .  But in   the   p resence   o f   l a rge   va lues   o f  X which 
compr ise   the   bas i s   o f   th i s   deduct ion   the   cor re la t ion  ( 4 )  ceases   t o  be 
appl icable .   Dur ing   the   in te rva ls   be tween  co l l i s ions ,   the   bodies   under  
in f luence  by s o l a r   g r a v i t y   t r a v e l   a l o n g  e l l i p t i c a l  o r b i t s .   T h e r e f o r e ,  
wi th   any   su i tab ly   l a rge   va lues   o f  X the maximum displacement of the body 
by R does  not  exceed 2ae, i . e . ,  about 2eR i f   t h e   e c c e n t r i c i t i e s  e of  the 

o r b i t s   a r e   n o t   g r e a t .  When h > eR, i . e . ,  when 7 > - P ,  c o r r e l a t i o n s  

( 4 )  and (7)  r evea l   an   i nc reased   va lue   fo r  E .  This   l eads   to   an   excess ive ly  
rapid  growth  of v i n   ( 1 8 ) .  From ( 9 ' )  and  (12) we  have 

1 
4 

From t h i s  i t  i s  ev iden t   t ha t  T reaches a magnitude  of 1 / 4  P when 
the   va lue  r i s  o n l y   s l i g h t l y   g r e a t e r   t h a n  r l .  Hence, cor re la t ion   (18)  

ceases   t o  be c o r r e c t   v e r y   e a r l y  and h a s   t o  be s u b s t i t u t e d  by another   value 
s u i t a b l e   f o r   l a r g e   v a l u e s  of X .  

2 .  The Dispersion  of  Velocit ies  During Long Periods / 174  
of   Free   F l igh t  

I n   r o t a t i n g   s y s t e m s   d u r i n g   t h e   t r a n s i t i o n   t o   l o n g e r   p e r i o d s  of f r e e  
f l i gh t   pa ths   t he   cha rac t e r   o f   t he   subs t ance  and   mot ion   t ransfer   essent ia l ly  
changes.  Thus, in   the   semi-empir ica l   theory   o f   Prandt l   for   tu rbulen t  
motion  which i s  based  on  the  concept  concerning  the  average  course  of 
in te rmixing ,   the   t angent ia l   d i rec t ions   a re   de te rmined   no t  by the   g rad ien t  
of   the   angular   ve loc i ty   bu t  by the   g rad ien t   o f   the  momentum of v o r t i c i t y  
[ s e e   f o r  example  von Karman (Ref. 3 ) ] .  Then cor respondingly ,   a l so   the  
express ion   for   the   thermal   energy   be ing   emi t ted   should   change .   Actua l ly ,  
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i n   t h e   i n t e r v a l s  between c o l l i s i o n s ,   t h e  body moves wi th  a cons t an t  
momentum of v o r t i c i t y .  L e t  us u t i l i z e   t h e  same p r i n c i p l e  on the   bas i s  
of  which  expression (3) was obtained.  The body possessing a t  a d i s t a n c e  
R from  the  Sun  an  average  motion i n   t h e   d i r e c t i o n  of r o t a t i o n  (v = 0) 

8 
R + AR w i l l  have  systematic  

t o   t h e   c i r c u l a r   v e l O c i t y  
a f t e r   b e i n g   s h i f t e d   i n t o  a po in t  a t  a d i s t a n c e  
v e l o c i t y  i n  t h e   d i r e c t i o n   o f   r o t a t i o n  re la t ive 

v 8 = "  
1 d (wR2) ~. 
R dR 

- 
The maximum poss ib l e   va lue  AR equals  e R  and  the  average  square @R2 = 

- e R . Therefore 1 2 2  
3 

L e t  rs be  the t i m e  between  the two consecut ive   co l l i s ions   o f   bodies  and 

T the  t i m e  of  the  bodies'  energy  exchange  caused by the i r   con junc tu re ,  

i . e . ,  the  per iod of r e l a x a t i o n .  Then the   pe r iod   o f   f r ee   f l i gh t  i s  d e t e r -  
mined  from the   cond i t ion  

g 

By apply ing   the  same arguments  from  which  expression  (3) w a s  
der ived   one   can   cons ider   tha t   wi th in   the  time T the  energy of the  random 

motion  per   uni t  of mass increases  by a magnitude  of 1 1 2  v2  which i s  

determined  according  to  (21).  However, Prandt l ' s   theory  which  leads t o  
the   g rad ien t   o f   the  momentum of v o r t i c i t y  i s  n o t   e n t i r e l y   r i g o r o u s .  
According  to  Vasyuginskiy  (Ref.  4 )  t he   t angen t i a l  stresses are determined 
by a more complex e x p r e s s i o n   i n  one  extreme  case  which, when the  exchange 
i s  i s o t r o p i c ,   t h e  stresses are determined by the   g rad ien t  of angular  
v e l o c i t y  and in   another   ex t reme case when the  exchange i s  e n t i r e l y   r a d i a l .  
The exchange is determined by the  gradient   of   the  momentum of / 175 
vo r t i c i ty   ( acco rd ing   t o   P rand t l ) .   Ac tua l ly ,   t he   pu re ly   r ad ia l   exchanges  
do n o t   m a t e r i a l i z e  and a ce r t a in   i n t e rmed ia t e   ca se   shou ld   t ake   p l ace .  

- 
8 

- 

I n   R e p l e r i a n   r o t a t l o n  w cx R-3/2,  uR2 a R1'2. The t angen t i a l  stresses 

ca l cu la t ed  by the   g rad ien t  wR2 are t h r e e  times less than   acco rd ing   t o   t he  
g rad ien t  W .  With respect t o   t h i s ,   t h e   c o r r e l a t i o n  (21)  i n d i c a t e s   t h a t  
the  energy i s  n ine  times less than  the  energy  which we might   have   ob ta ined   i f ,  
similar t o  (3) w e  determined i t  from  the  square  of  the  gradient  of  angular 
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ve loc i ty . '  From the   p rev ious   d i scuss ion  i t  f o l l o w s   t h a t   i n  (21) i t  i s  
probably   necessary   to   in t roduce  a c e r t a i n   c o n s t a n t   c o r r e c t i o n   f a c t o r .  
The de termina t ion   of   th i s   fac tor   goes  beyond the  scope  of   the  present  
a r t i c l e .  We w i l l  con f ine   ou r se lves   t o   t he   suppos i t i on   t ha t   w i th in  time 
T the   average  energy  of   the random motion  of a mass u n i t  i s  increased  by 

the  value  of  112 $v2  where $ i s  on  the  order  of  unity.  The energy 

acquired  during  the  t ime T w i l l  be equal  toy< 

- 
e 

S 

A s  before ,  we w i l l  cons ide r   t ha t ,   du r ing  a c o l l i s i o n ,   e n e r g y  E determined 
by express ion  ( 6 )  i s  l o s t  , 2 

6 2  E: = - (v + €+. 2 2  

The complete  change  of  energy  of  the random mot ion   i n  1 s e c  w i l l  
be equa l   t o  

>k 
Edgeworth  (Ref. 5) wi th   the   he lp  of a cor re la t ion   approximat ing  

(3) a t tempted   to   eva lua te   the   increase   o f   d i spers ion  of s t e l l a r  v e l o c i t i e s .  
Having c o r r e c t l y   n o t e d   t h a t   i n   t h e   c a s e   o f   l a r g e   p e r i o d s  of f r e e   f l i g h t  
the  magnitude X in   the  formula  should be s u b s t i t u t e d  by the  amplitude  of 
o sc i l l a t ions   o f   t he  s ta r  a long   the   rad ius   vec tor  @R, he s t i l l  admitted  an 
e r r o r  by a s s e r t i n g   t h a t  i t  i s  s u f f i c i e n t   t o   p r o d u c e  a s u b s t i t u t i o n   i n   t h e  
c o e f f i c i e n t   o f   v i s c o s i t y  1 a vh.   Actua l ly ,  i t  i s  seen  from  the  conclusion 
(3) and a l s o  from ( 4 )  and (7)  that   the  exchange  should be made n o t   i n   t h e  

express ion  vh b u t   r a t h e r   i n   t h e   e x p r e s s i o n  X /I-. Hence, i n s t ead  of  vaR, 

i t  should  be AR / T  = vaR - (AR/h). h i s  f i v e  times l a rge r   t han  AR f o r   t h e  
approach of separate s ta rs .  Although  the  per iod  of   increase  in   the 
ve loc i ty   d i spe r s ion  due t o  s te l la r  conjunct ives  (- 1O1O years)  which w a s  
found s o  many times by  Edgeworth  has  proved t o  be less than  what i s  
ac tua l ly   necessa ry .  Only conjunctures  of s ta rs  w i t h   s i g n i f i c a n t l y  more 
massive  objects  (M ,- 106M ) can  lead  to   the  cosmogonical ly   acceptable  

ra te  of  growth i n   t h e   d i s p e r s i o n  of s t e l l a r  v e l o c i t i e s .  

2 

2 

0 
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we w i l l  assume I- equals   per iod   of   re laxa t ion   accord ing   to   Chandrasekar  
(Ref. 6 )  g 

Here, D i s  the  average  dis tance  between  the  bodies  and v r 2  M 2v 2 wher4176 
v1  i s  tge r e l a t i v e   v e l o c i t y  of the  bodies ,  v is  the   ve loc i ty   o f   t he  body 
r e l a t i v e   t o   t h e   c e n t r o i d .  The t i m e  between c o l l i s i o n s   n o t   c o u n t i n g   t h e  
mutua l   a t t rac t ion   of   the   bodies  i s  de te rmined   accord ing   to  ( 9 ) .  The 

g r a v i t a t i o n  of the  bodies   decreases  I- by (1 + -) t i m e s  where v i s  the  
Gm 
2 v r  2 

2 

v e l o c i t y  of the body r e l a t i v e   t o   t h e   c e n t r o i d   b e f o r e   t h e   c o l l i s i o n .  From 
(5) and ( 6 )  w e  have 

Consequently, 

4 r 6  I - =  Gm (1 - c /  
2 v r  2)1 ' 

2 

16 rrG 6mr I n  2 
- =  TS (1.S) 

G m ( 1 - c 2 1  v r  2 
I- g 35(v2)2 [l + 

- / 

Now  we s h a l l   f i n d   t h e   v a l u e  v in   the  presence  of   which E i s  r educed   t o  0 .  
Since 

2 
- = ) v  a n d e V c x F v ,   2 2  4 2 

dR 2 c  

t h e n   t h e   r i g h t  t e r m  (24) is  r educed   t o  0 i f  
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The comparison (27) and  (29)   leads  us   to   the  conclusion  that   the   depen-  

dence  of  v2 on the  masses   and  the  radi i   of   the   bodies   has   the form 

v2 = - Gm 
8r ' 

where 

Thus, t h e   d i s p e r s i o n  of t h e   v e l o c i t i e s   i n   p r o t o p l a n e t a r y   b o d i e s  i s  
determined  by  their   masses and r a d i i  and a l s o  by the  degree of the  in-  
e l a s t i c i t y   o f   t h e i r   c o l l i s i o n s  .* 

In   addi t ion ,   the   average   d i s tance   be tween  the   bodies  D enters1177 0 
i n to   t he   expres s ion   fo r  8; however,  the  dependence  on D i s  extremely 

s l i g h t   ( t h e   r o o t  of the   logar i thm) .   Therefore ,  8 can be considered 
prac t ica l ly   cons tan t   in   the   g rowth   process  of i n c r e a s e   i f  a pe rcep t ib l e  
change i n  5 doe  not  occur. 

0 

L e t  us evaluate   the  magni tude 5 fo r   t he   ca se  where  the  col l iding 
bodies are u n i t e d   i . e . ,   f o r   t h e   p o s i t i v e l y   i n e l a s t i c   c o l l i s i o n s .  L e t  us 
assume t h a t  two bodies   of   ident ical  mass m h a v e   i d e n t i c a l   v e l o c i t i e s  v 
under  the  angle Jr  of  t h e i r   r e l a t i v e   d i r e c t i o n s .   A f t e r   t h e   c o l l i s i o n  and 
junc t ion  of bodies ,  amount of motion  should  remain 

* 
I f  , ins tead   of  T the 

2 
E 

r D*v 7 

t i m e  between  close  approaches  which i s  

3 
16 I n  1 1 + times g r e a t e r ,  i t  -is taken  then QL i n c r e a s e s   i n   t h e  same 

way and 8 i s  increased  approximately  ten times. This   va lue  of 8 should 
be considered as obv ious ly   ove r s t a t ed   s ince   i n   t he   ca l cu la t ion   d i s t an t  
conjunctures  are no t   t aken   i n to   cons ide ra t ion .  
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2 mv' = 2mv cos k 2 -  

t h i s  means t h a t ,   a f t e r   t h e   c o l l i s i o n ,   t h e   v e l o c i t y  i s  e q u a l   t o  

Q v '  = v cos - 
2 .  

According t o   t h e   d e f i n i t i o n  of 5 

Hence, 

I f   v e c t o r s  v a r e  randomly d i s t r i b u t e d  and the   p robab i l i t y  of 
c o l l i s i o n s  of  bodies i s  p r o p o r t i o n a l   t o   t h e i r   r e l a t i v e   v e l o c i t y  Av 

Q Av = 2v s i n  - , 2 

then  the  average  value  of 5 i s  determined  from  the  expression 

J AV Ilr [ s i n  7 2n s i n  Q d$ 

- 3 
5 

(34) 

(35 1 

0 

A c t u a l l y ,   t h e   d i s t r i b u t i o n  of v e l o c i t i e s  of bodies i s  n o t   i s o t r o p i c .  

I n  a r ad ia l   d i r ec t ion   t he   ve loc i t i e s   on   t he   ave rage  are twice 
as l a r g e  as t h e   t a n g e n t i a l .  

However, 5 does   no t   essent ia l ly   change   wi th   th i s .   S ince   the  
conclusion i s  a t t r i b u t e d   t o   a b s o l u t e   i n e l a s t i c  impacts  the  'found - I178 

value  of 6 should be considered as the  upper l i m i t  of 5 .  

- 
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Let  us now eva lua te  D According  to  Chandrasekarv  (Ref.  7) 0 '  

-1/3 
Do M 0.55 n , 

where n i s  a number of  bodies p e r  u n i t  volume: 

S u b s t i t u t i n g   t h i s   v a l u e   o f  n i n   (36 )   and   subs t i t u t ing  v accord ing   t o  (29) 
and a f t e r   pe r fo rming  some s i m p l e  c a l c u l a t i o n s  w e  o b t a i n  

- DO 
M 0.125 r (37) 

For  the  zone  of  the  Earth CJ = 10, P = 3 - 10 . With 6 = 2 and r = 10 

we o b t a i n  D / r  M 1038-1/6. I f  we assume tha t   fo r   t he   zone   o f   Jup i t e r  

CJ = 40,  P = 3 . 7  * 10 , 6 = 2 and r = l o 7 ,  then w e  o b t a i n  D /r M 10 8 8 4 -1 /6  

Thus, D o / r  proves  to   be  on  the  order  of l o3  t o  LO4.  The magnitude  under 

the   l oga r i thm  in   (31 )  is  e q u a l   t o  D /8r. S u b s t i t u t i n g   i n   ( 3 1 )  p = 1 , 
5 = 1 and ins tead   of  5 the  value  which we got  above 5 = 3 /5 ,  w e  f i n d   t h a t  

8 = 0.56 when D / r  = 10  and 8 = 0.47 when D / r  = 10 . Thus i t  i s  t o  be 
expec ted   tha t  8 i s  on  the  order  of 1 / 2 .  For a more accu ra t e   e s t ima t ion  
of 8 i t  i s  n e c e s s a r y   t o  amke t h e   c o e f f i c i e n t s  i3 and average  value 5 more 
accu ra t e .  

7 5 

0 

0 

0 - 
3 4 

0 0 

The o b t a i n e d   r e s u l t  i s  a t t r i b u t e d   t o   t h e   i d e a l   c a s e  of the  system 
of iden t i ca l   bod ie s  which'  combine d u r i n g   c o l l i s i o n .   I f   t h e   b o d i e s   d u r i n g  
c o l l i s i o n s  do not  combine t h e i r   v e l o c i t i e s  w i l l  be g r e a t e r .  On the   o ther  
hand the  presence  of   dispersed  substance  (gas  and small p a r t i c l e s )   i n  a 
c l u s t e r   d e c r e a s e s   t h e   v e l o c i t i e s  of   the  bodies .   In  a system of un iden t i ca l  
bod ie s   t he   p i c tu re  w i l l  be s t i l l  more  complex. The la rger   bodies   should  
h a v e   s i g n i f i c a n t l y  less v e l o c i t i e s   s i n c e   t h e y   d e v i a t e  less under  gravi-  
t a t iona l   con junc tu res   w i th   o the r   bod ie s  and they   cu rve   t he i r  own o r b i t s  
t o  a g r e a t   d e g r e e   d u r i n g   t h e   f a l l  of smaller bodies  on  them. However, 
i n   o r d e r   t o  examine  the  dependence  of  the  velocities of the  bodies  on 
t h e i r  masses i t  i s  necessa ry   t o  examine  the r e su l t   o f   conc re t e   con junc tu res  
i n   d e t a i l .  
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The hydrodynamic  method  applied  earlier i s  i n s u f f i c i e n t   f o r   t h i s .  
I n   a d d i t i o n ,  it i s  n e c e s s a r y   t o  know t he   func t ion   o f   t he   bod ie s '   d i s t r i -  
bu t ion   in   d imens ion .   Essent ia l ly ,   these   p roblems  a re   c lose ly   re la ted  and 
should   be   cons idered   s imul taneous ly   dur ing   the   r igorom  s ta tement   o f   the  
probiem. 
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A BRIEF REVIEW OF  RESEARCH ON MORPHOLOGICAL CHARACTERISTICS /180 
OF DIFFUSE NEBULA!Z. 

R. Y e .  Gershberg 

A br ie f   rev iew i s  given  on  the  invest igat ions  of   morphological  
c h a r a c t e r i s t i c s   o f   d i f f u s e   n e b u l a e .  The fundamental   physical   ideas 
connec ted   w i th   t he   i n t e rp re t a t ion  of three  very  important   types  of  
s t r u c t u r a l   d e t a i l s  of d i f fuse   nebu lae  are examined: b r igh t   r i ngs   on   t he  
border  of  luminous and da rk   nebu lae ;   pe r iphe ra l   s t ruc tu res   o f   t he   emis s ion  
nebulae; and s t r e t c h e d  and fibrousness  formations  of  luminous and dark  
d i f fuse   nebu lae .  

The re laxa t ion   per iod   of  a l l  known elementary  processes  which 
determine  the  physical  s ta te  of   the   in te r -s  te l lar  matter, the recom- 
b i n a t i o n  and i o n i z a t i o n  t i m e ,  t h e   p e r i o d   f o r   e s t a b l i s h i n g  Maxwell 
d i s t r i b u t i o n  o f   t he   ve loc i t i e s   o f   t he   pa r t i c l e s   w i th   i den t i ca l   masses  
e t c ,  are u s u a l l y   s e v e r a l  times less than   t he   pe r iod   fo r   t he   ex i s t ence  
of  cosmic o b j e c t s   i n  a f ixed   cond i t ion   o r   t he  t i m e  of ex i s t ence  of a 
ce r t a in   mac roscop ic   mo t ion .   Th i s   e s sen t i a l ly   s imp l i f i e s   t he   i nves t i -  
ga t ion   of   the   phys ica l  s t a t e  i n   i n t e r - s t e l l a r   b o d i e s   s i n c e   t h e   s t a t i o n a r y  
ob jec t s  are inves t iga t ed .   Fu r the rmore ,   s ince   t he   r ad ia t ion   o f   t he   i n t e r -  
s te l lar  medium r e f l e c t s  i t s ’ s t a t e  only a t  a g iven  moment, then  the  s tudy 
of   the   evolu t ion   of   the   d i f fuse  matter by i t s  luminosi ty   proves  to  be 
impossible.  For t he   i nves t iga t ion   o f   t he   evo lu t ion  of i n t e r - s t e l l a r  
medium i t  i s  necessary   to   tu rn   to   the   p roper t ies   which   have  a longer 
cha rac t e r i s t i c   change   pe r iod   t han   t he   pe r iod   o f   r e l axa t ion  of  the 
elementary  processes .  The cons ide ra t ion  o f   t he   k inemat i c   cha rac t e r i s t i c s  
which are being  determined  direct ly  from observa t ions   wi th  known /181 
phys ica l   p rope r t i e s   o f   t he   d i f fuse  matter renders  i t  p o s s i b l e   t o   c o n s t r u c t  
dynamic t h e o r i e s ,  and then   evolu t iona l   hypotheses  on the  development  of 
v a r i o u s   i n t e r - s t e l l a r   o b j e c t s .  The s tudy  of t h e   s t r u c t u r a l   c h a r a c t e r i s t i c s  
o f   d i f f u s e   n e b u l a e   y i e l d s   t h e   c r i t e r i a   s u p p o r t i n g   t h e  dynamic theo r i e s  
and is an   impor t an t   l i nk   i n   t he   cons t ruc t ion  of t h e   o v e r - a l l   p i c t u r e  of 
the  development  of  diffused matter i n   t h e   g a l a x y  and i t s  r e l a t i o n   t o   t h e  
stars.  A t  f i r s t   t h e  problem  of i n v e s t i g a t i n g   t h e   s t r u c t u r e   o f   d i f f u s e  
n e b u l a e   f o r   t h e   c l a r i f i c a t i o n  of t h e i r  dynamics  and evo lu t ion  was 
accurately  formulated by G.  A .  Shayn  and V.  F. Gaze (Ref. 1) i n   t h e i r  
f i r s t  work ded ica t ed   t o   t he   s tudy   o f   t he   i n t e r - s t e l l a r  medium. 

A sys t ema t i c   s tudy   o f   morpho log ica l   cha rac t e r i s t i c s   o f   d i f fuse  
nebulae  began  comparatively  recently.   This i s  q u i t e   n a t u r a l   i f  you take 
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i n t o   c o n s i d e r a t i o n   t h a t   t h e   t h e o r y   o f   p h y s i c a l   p r o c e s s e s   i n   t h e   i n t e r -  
s te l lar  medium i n   t h e   f i r s t   a p p r o x i m a t i o n  was completed  only i n   t h e  
beginning  of  the  1940's.  A t  t h a t  time Stremgren  (Ref.  2) showed t h a t  
i n   t h e   c o n d i t i o n s  o f   t h e   i n t e r - s t e l l a r  medium the   reg ions   o f   ion ized  and 
neut ra l   hydrogen   should   be   ra ther   abrupt ly   def ined   in   space .  Up t o   t h i s  
time the   i nves t iga t ion   o f   t he   s t ruc tu re   o f   d i f fuse   nebu lae  was reduced   to  
a s i m p l e  d e s c r i p t i o n  of t he  odd fo rms   o r   t he   c l a s s i f i ca t ion  of the  nebulae 
on  the  basis   of   their   external   form.   Such a c l a s s i f i c a t i o n   d i d   n o t  
always  prove t o   b e   p h y s i c a l l y   j u s t i f i e d .  Not s topping a t  t he  numerous 
d e s c r i p t i v e  works  of t h i s   t ype  [(a de ta i l ed   b ib l iog raphy   can   be   found   i n  
the  monographs  of B .  A .  Vorontsov-Velyaminov  (Ref.  3)  and  Cederblad 
(Ref.   4)]we  shall   examine  only  the  fundamental   physical   ideas  connected 
w i t h   t h e   i n t e r p r e t a t i o n  o f   t h ree   impor t an t   t ypes   o f   s t ruc tu ra l   de t a i l s  
of d i f fuse   nebulae :  1) t h e   b r i g h t   r i n g s  on the  border  of  luminous  and 
da rk   nebu lae ,   2 )   t he   pe r iphe ra l   s t ruc tu res   o f   t he   emis s ion   nebu lae ,  and 
3) t he   s t r e t ched  and f ib rous   fo rma t ions   i n   b r igh t  and da rk   d i f fuse  
nebulae.  

1. The b r i g h t   r i n g s  on the  borders  of  luminous  and  dark  nebulae 
are v i s ib l e   on   ce r t a in   pho tographs  which were taken a t  the end  of  the 
19th  century  (Refs .  5 - 7 ) .  Duncan (Ref. 8) whi le   descr ib ing   the   photo-  
graphs  which  were  taken  with  the  100-in.   ref lector   f i rs t   turned  his  
a t t e n t i o n   t o   t h e s e   b r i g h t   r i n g s  as being a c h a r a c t e r i s t i c   d e t a i l  of  the 
d i f f u s e   n e b u l a e .   I n   r e g a r d   t o  I C  434  he  assumed t h a t   t h e   b r i g h t  r i m  
around  the  "Horse Head" nebula   ( in   Or ion)  w a s  a r e s u l t   o f   t h e  skimming 
of the   b r ight   subs tance  by da rk   ma te r i a l .  

I n  1937  Struve  (Ref. 9)  composed t h e   f i r s t  l i s t  of the  nebulae 
wi th   b r igh t  r i m s  and  found t h a t   t h e   b r i g h t e s t  pa r t s  of   the   r ings   "poin t  
out"   the stars which  exci te   the  nebulae.  H e  also found t h a t  from  the  side 
of  the  dark  nebula  the  brightness of the   r ings   d rops  more s t e e p l y   t h a n  
from  the  s ide  of   the   br ight   nebula  and t h a t  a11 the  luminous  nebulae 
which are bordered by b r i g h t   r i n g s   ( i n   S t r u v e ' s  l i s t  the re  were ten  such 
objec ts )   have   emiss ion   spec t ra .  However, Struve  considered  that   /182 
the  r ings  themselves  belonged  to  the  dark matter " the  s i lvery  edge  of  
the  clouds"  which i s  pro jec ted   on   the   o ther   b r igh t   subs tance .   In   h i s  
op in ion   t he   r ad ia t ion  of the  stars penetrates  the  dense  clouds  compara- 
t i v e l y  l i t t l e  because  of   the  high  coeff ic ient  of absorp t ion   of   th i s  
r a d i a t i o n .  From the   f ron t   t hese   i l l umina ted   l aye r s  are h a r d l y   v i s i b l e  
because of t h e i r  small s u r f a c e   b r i g h t n e s s ,   b u t  from  the  side  they  have 
the  appearance  of   narrow  s ickles   or   br ight   r ings,   s ince  the  dispersed 
r a d i a t i o n  i s  on ly   s l i gh t ly   abso rbed  and t h e   e n t i r e   t h i c k n e s s   o f   t h e  
br ight   subs tance  is  v i s i b l e .  

I n  1946 Oort (Ref. 10) showed t h a t   d u r i n g   t h e   c o l l i s i o n  of  clouds 
of i n t e r - s t e l l a r   gas   shock  waves are formed  which  can  cause a luminescence 
of matter whereby  the  i l luminated  zone  should  be  quite  narrow. He 
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p r o p o s e d   t o   c l a r i f y   t h e   b r i g h t   r i n g s  by  means o f   t he   co l l i s ion   o f   dense  
and r a re f i ed   c louds ;   t he   r a r e f i ed   c loud  i s  h e a t e d   t o  a high  temperature  
and beg ins   t o   sh ine   wh i l e  a more dense  cloud  remains  dark.  Thackeray 
(Ref. 11) soon  af terward  completed  special  spectral  photometric  obser- 
va t ions   on   t he   b r igh t   r i ngs   i n   t h ree  known d i f fused   nebu lae   i n   t he  
southern  sky -- NGC 6523, NGC 6514,  and NGC 6611.  These  observations 
r evea led   t he   emis s ion   spec t rum  fo r   t he   b r igh t   r i ngs ; ' and   i n   t h i s  way 
they showed t h a t   t h e  model  of "s i lvery  edge of the  dark  c loud" was i n v a l i d .  
However, these   observa t ions  were i n s u f f i c i e n t   f o r   t h e   s o l u t i o n  of the  
problem  whether   the  br ight   r ings are e x c i t e d  by a r a d i a t i v e   o r   s h o c k  
mechanism. 

To the  problem on the   na tu re  of b r i g h t   r i n g s  i s  c l o s e l y   r e l a t e d  
the  problem  of  the  formation  of  dark  "elephant  trunks", i . e . ,  the  long 
and narrow  introduct ion of dark  matter i n t o   t h e   b r i g h t   n e b u l a e ,   s i n c e  
these  " t runks" are normally  bordered  by  br ight   r ings.  By i n v e s t i g a t i n g  
the   l a rge   d i rec t   photos   Thackeray   (Ref .  11) came to   t he   conc lus ion   t ha t  
the   e lephant   t runks  are formed  because  of  the  motion  of  the  dark  substance 
i n   t h e   d i r e c t i o n  of a s t a r  which exci tes   luminescence of the  emission 
nebulae.  Rozhkovskiy  (Ref. 12)  came t o   t h e  same conclus ions .  The hydro- 
dynamic  model  of  such a f l u x  was given by S p i t s e r  (Re f .   13 ) .   Sp i t s e r  
proposed  the  examination of the  dark  "elephant   t runks" as a r e s u l t  of 
t he   so -ca l l ed   Ray le igh -Tay lo r   i n s t ab i l i t y   on   t he   bo rde r   o f  two media  with 
a d ive r se   dens i ty   o f  matter and w i t h   a n   a c c e l e r a t i o n   d i r e c t e d  away from 
the  denser  medium t o   t h e  less dense.  Frieman  (Ref.  14) and  Layzer  (Ref. 
15) made ca lcu la t ions   on   such  a mot ion   ( app l i cab le   t o   cond i t ions   o f   t he  
i n t e r - s t e l l a r  medium). Not long  before   this   van  de  Hulst   (Ref .   16)  
proposed a d i f f e r e n t  model of   the  formation of "elephant  trunks" and 
b r i g h t   r i n g s :   i f   a n  0-star can  be  born i n  a medium w i t h   c e r t a i n  
f luc tua t ion   dens i ty ,   t hen   t he   o r ig ina l   r eg ion   o f   t he   hydrogen   i on ized  
by the star h a s   a n   i r r e g u l a r   o u t l i n e .  The more dense   reg ions   a re   ion ized  
a t  a lesser depth and in   t hese   p l aces   t he   bo rde r  of ionized  substance 
forms  protuberances  toward  the star.  The h igh   p re s su re  of the  ionized 
gas   compresses   this   protuberance and makes i t  more dense,whereby  the/183 
edge  of  the  compressed area can  be  ionized and w i l l  be  seen as a b r i g h t  
r ing  embracing  the  dark  "trunk".  

Soon a f t e r   t h i s   Os te rb rock   (Ref .  1 7 )  i nves t iga t ed   t he   " e l ephan t  
t r u n k s "   i n  a l l  the  emission  nebulae  with  dis tances   which were r e l i a b l y  
determined  (such  proved  to  be  ten) and came to   the   fo l lowing   conclus ions :  
the   s t ruc tures   which  are being  observed  in   general   conform  to   the  Rayleigh-  
T a y l o r   i n s t a b i l i t y  model a l though  they  have  cer ta in   effects   which  were  not  
s e e n   i n   t h e o r y ;   t h e   d e n s i t y  of   the   b r ight   r ings   essent ia l ly   exceeds   the  
mean densi ty   of   substance  in   the  emission  nebulae  which are bordered by 
r i n g s .  The evo lu t ion  of  the  "trunks"  can be  concluded by a formation by 
an   i so l a t ed   "d rop le t " ,   t he   da rk   g lobu le .  A t  f i r s t   t h e s e  small dark  
objects  on  the  background  of  the  emission  nebulae were discovered by Bok 
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and Rei l ly   (Ref .  18) and V .  G .  Fesenkov  and D .  A. Rozhkovskiy  (Ref. 19) 
came t o  a conclus ion   concern ing   the   phys ica l   re la t ion   o f   the   g lobules  
with  the  dark matter which  surrounds  the  emission  nebulae. 

A t  a lmost   the same t i m e  as Osterbrock,   Pot tasch  (Ref .  20)  conducted 
a d e t a i l e d  s t a t i s t i c a l  i n v e s t i g a t i o n   o f   b r i g h t   r i n g s   i n  34 d i f fuse   nebu lae  
and discovered some  new important laws. It was expla ined   tha t   the   emiss ion  
nebulae  which  contained  br ight   r ings were exc i t ed  by stars of a more 
r e c e n t   s p e c t r a l  class than 09. The p o s i t i o n  o f   t he   b r igh t   r i ng   i n   t he  
nebula i s  dependent  on  the spectral class of   the   exc i t ing  star i . e . ,  
r i n g s  are l o c a t e d   c l o s e r   t o   t h e   h o t t e r  stars.  The  form o f   t he   b r igh t  
r ings  changes  with i t s  d i s t a n c e  from t h e   e x c i t i n g  star from  almost  planar 
remote   r ings   to   f i rmly  drawn r ings  and c i rcu lar   g lobules   which   do   no t  
have  an  apparent  connection  with  the  dark matter and are comparatively 
c lose   t o   t he   cen te r   o f   t he   nebu la .  The p l ana r   r i ngs  are t h e   l a r g e s t  and 
leas t  dense,   whereas  the  bright  r ings  which  border  the  narrow  "elephant 
trunks" and the  globules  are the smallest and  most  dense. The d e c l i n e  
i n   d e n s i t y   o f  matter f rom  the   r i ng   t o   t he   cen t r a l  pa r t s  of  the  nebula i s  
maximum i n   t h e  drawn-out  nebulae  with low d e n s i t y  and a t  a minimum i n  
the  compact  and  dense  nebulae.  Analysis  of  these laws led   Pot tasch  
(Ref. 21) to   the   conclus ion   tha t   the   b r ight   r ings   cannot  be a r e s u l t  of 
the  Rayleigh-Taylor   instabi l i ty ,   but   ra ther   they  correspond  to  a p i c t u r e  
of the e x t e n t   o f   t h e   i o n i z a t i o n   f r o n t   i n   t h e   i n t e r - s t e l l a r  medium wi th  
f l u c t u a t i o n s   i n   d e n s i t y .  By us ing   the   theory  of this   process   developed 
by Kan (Ref. 22) Po t t a sch  showed t h a t  a conf igu ra t ion  of b r i g h t  matter 
occurs when a reg ion   of   increased   dens i ty   encounters   the   ion iza t ion  
f ron t .   Th i s   con f igu ra t ion   y i e lds   t he   exac t   cou r se   i n   b r igh tness   w i th  
d i s t ance  from t h e   e x c i t i n g  s t a r  as Osterbrock   d i scovered   in  a t y p i c a l  
b r i g h t   r i n g .   A f t e r   t h i s  Kan (Ref. 23) t h e o r e t i c a l l y  examined the  /184 
problem  concern ing   the   s tab i l i ty  of t h e   i o n i z a t i o n   f r o n t  and came t o   t h e  
conclusion  that   the   "elephant   t runks" are not  a r e s u l t  of Rayleigh- 
T a y l o r   i n s t a b i l i t y   s i n c e  a similar in s t ab i l i t y   shou ld   have   l ed   t o   t he  
ex i s t ence  of lesser "exc i ta t ions"   than   those   b rought   about  by the  observed 
r i n g s ,  and i n   a d d i t i o n   t h e   a b s o r p t i o n   i n   t h e   r i n g   i t s e l f   y i e l d s  a s t r o n g  
e f f e c t  o f   t he   a t t enua t ion   o f   i n s t ab i l i t y .  

Evident ly ,   the  model  assumed  by  van  de  Hulst  corresponds  to  the 
phenomenon of the   b r ight   r ings .   Recent ly   Hershberg   (Ref .  24)  showed t h a t  
the  border   of   the   ionized  region w i l l  have  s ignif icant   protuberances  and 
depres s ions   w i th   t he   f l uc tua t ions  of d e n s i t y   i n   t h e   i n t e r - s t e l l a r  matter 
amounting t o   o n l y  20 t o  308  of the  average  density.   These  deformations 
are not  caused by t h e   d r o p   i n  matter densi ty   immediately  near   the  border  
of the  zone H 11, bu t  by t h e   f l u c t u a t i o n s   o f   d e n s i t y   i n   t h e   i n t e r n a l  
parts of   the  ionized  region.   In   other   words,   the   ionized  f ront   does  not  
"encounter" any r e a d y   i n   t h e  form  of  local matter condensations and  does 
not  bend  by  "flowing  around" i t ,  bu t  w a s  bent  from  the  beginning.  This 
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de fo rma t ion   o f   t he   i on iza t ion   f ron t  and subsequently  the  hydrodynamic 
rup tu re   l eads   t o   t he   fo rma t ion   o f  a loca l   condensa t ion .  The design  of  
fu ture   deve lopment   o f   the   b r ight   r ings  assumed  by Po t t a sch  is  v a l i d   i n  
the  given  case.  

The i n v e s t i g a t i o n   o f   t h e   e l e c t r o n   t e m p e r a t u r e   i n   t h e   b r i g h t   r i n g s  
of d i f fuse   nebu lae  NGC 7000 and NGC 6523  has shown (Ref.  25)  that  the 
t e m p e r a t u r e   i n   t h e s e   f o r m a t i o n s ,   i n   e f f e c t ,  do n o t   d i f f e r  from  the 
e lec t ron   tempera ture   o f  more inner  parts of  the  corresponding  nebulae.  
Hence, the   phys ica l   condi t ion  of t he   subs t ance   i n   t hese   de t a i l s   canno t  
be pe rcep t ib ly   d i s t i ngu i shed   f rom  the   cond i t ion  of subs t ance   i n   t he  
usual H I1 reg ions  and the   b r igh t   r i ngs   can   on ly   be   t he   r e su l t  of i n -  
c r eased   dens i ty   i n   t he   l uminescen t  matter. These da ta   ob ta ined  from 
observa t ions   cont rad ic t   the   concepts   concern ing   br ight   r ings  as we l l  as 
the  information  on  the  luminescent   f ronts   (Oort) ,  and a l so   the   concepts  
conce rn ing   t he   f ac t   t ha t   t hese   r eg ions   o f   t he   d i f fuse   nebu lae  are e x c i t e d  
by the  more r i g i d   u l t r a v i o l e t   r a d i a t i o n   t h a n   t h e   r e m a i n i n g  parts of   the 
ionized  regions  (Pot tasch)  . 

2.  For a long time the   l a rge   nebula   in   Unicorn  NGC 2237 wi th   the  
c h a r a c t e r i s t i c   c o n c e n t r a t i o n  of matter on the  per iphery  proved  to  be the  
only   ob jec t  among the   d i f fused   nebu lae .  The unique  nature  of th i s   nebula  
became no t i ceab le  when Minkovskiy  (Ref. 26) determined i t s  mass of - 10,000  solar masses. However, i n  1951 a f t e r   hav ing   i nves t iga t ed   t he  
numerous photographs  of   the  emission  nebula   obtained  with  i l luminat ion 
cameras i n  Cimeiz,  Shayne  and Gaze (Ref. 27) have shown t h a t   t h e  
p e r i p h e r a l   s t r u c t u r e s ,  i . e . ,  t h e   s o l i d   e x t e r n a l   s h e l l s ,   t h e   r i n g s  and 
ind iv idua l   a r c s  are s u f f i c i e n t l y   c h a r a c t e r i s t i c   p e c u l i a r i t i e s  of 
diffuse  nebulae.   Afterward,  they  found  that   another  well-known  /185 
nebula NGC 6523 a l s o   h a s   i n t e r e s t i n g   p e r i p h e r a l   d e t a i l s  and i s  comparable 
by mass t o  NGC 2237 (Ref.   28).  Somewhat la te r ,   they   supplemented   the  
i n i t i a l  l i s t  of pe r iphe ra l   d i f fuse   nebu lae ;  among them were  objects  from 
the  extragalact ic   systems  (Ref .   29) .   In   1953,   Shayn and  Gaze (Ref.  30) 
came t o   t h e   c o n c l u s i o n   t h a t   t h e   p e r i p h e r a l   s t r u c t u r e s   c a n n o t  be equi-  
l i b r i a l   s t a t i c   f o r m a t i o n   b u t   r a t h e r  are dynamic conf igu ra t ions  as a 
r e s u l t  of the   in f luence  of some kind  of  force on the  diffuse  mat ter   which 
i n i t i a l l y  w a s  found i n   t h e  more cen t r a l   r eg ions .  Shayne  and Gaze examined 
t h r e e   p o s s i b i l i t i e s   f o r   t h e   f o r m a t i o n   o f   p e r i p h e r a l   s t r u c t u r e s :   " t h e  
formation  of a s h e l l  as a r e s u l t  o f   the   e f fec t   o f   rad ia t ion   pressure  as a 
s ingle   fac tor   which   de te rmined   the   t ransformat ion   of   the   nebula   in i t ia l ly  
amorphis i n   s t r u c t u r e   i n t o  a per iphera l   nebula ,   the   format ion  of a s h e l l  
o r   r i n g  as a r e su l t   o f   t he   e j ec t ion   o f   gas  from  one o r   s e v e r a l  s ta rs ,  
i . e . ,  super  nova,  and  the  formation  of a s h e l l   o r   r i n g  as a r e s u l t  of 
the  motion  of  gas  outward  in a non-stat ionary  formation  of   the  motion 
s t i p u l a t e d  by some reason  during  the  period  of  the  formation  of  the 
nebulae".  Shayn and Gaze considered  the las t  p o s s i b i l i t y   t h e  most 
probable.   Subsequently  the  concepts  concerning  the  transformation  of 



217 

Fig .  1. Meridional   Cross   Sect ion of a Sphere  with a Radius 
of 15 Mparsecs. The b l a c k   c i r c l e s  are  sp i ra l  ga l ax ie s  

b r igh te r   t han  -17 of   abso lu te   magni tude ;   the   b r ight   c i rc les  
a r e   e l l i p t i c a l   g a l a x i e s ;   t h e   c r o s s e s  are s p i r a l  and i r r e g u l a r  

ga l ax ie s  of a magnitude less than -17 . The system of d i s -  
tances   being  used  here   can  be  character ized by t h e   f a c t   t h a t  
t h e   d i s t a n c e   t o   t h e   c l u s t e r   i n   V i r g o ,   a f t e r   t h e   c o n s i d e r a t i o n  
of l i g h t   a b s o r p t i o n  is  e q u a l   t o  7 .6  Mparsecs. The nor thern  
ga lac t ic   hemisphere  i s  l o c a t e d   t o   t h e   r i g h t .  Scale of the 
i l l u s t r a t i o n :  1 c m  = 2 Mparsecs. On t h e   c r o s s   s e c t i o n  are 
p ro jec t ed  a l l  galaxies  which  deviate  from L = 105O no t  more 
than by 15'. 

m 

m 
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Fig .  2 .  Equator ia l   Cross   Sec t ion  of a Sphere 
wi th  a Radius of 15 Mparsecs. On the   c ross  
sec t ion   a r e   p ro j ec t ed   a l l   ga l ax ie s ,   wh ich   a r e  
loca t ed   i n   t he   nea r   equa to r i a l   l aye r   w i th  a 
th ickness  of 2 Mparsecs. The n o r t h e r n   g a l a c t i c  
hemisphere i s  shown t o   t h e   r i g h t .  The s c a l e  
and des igna t ions   a re   the  same a s  on Fig.  1. 
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the  amorphis   into  per ipheral   nebulae became an  essential  p o i n t   i n   t h e  
ove r -a l l   f i e ld   o f   i deas   conce rn ing   t he   evo lu t ion   o f   d i f fuse   nebu lae ,  
t he i r   expans ion  and de ter iora t ion   (Refs .   31 ,   32) .  The  numerous proofs 
presented by  Shayn  and  Gaze favor   the  expansion and d e t e r i o r a t i o n  of 
t he   d i f fuse   nebu lae ,  i . e . ,  the  motion of gas i n  NGC 1976 r e l a t i v e   t o  
the  Trapezium  Orion,  the  existence  of  groups of the  emission  nebulae,  
t h e   v a l i d i t y   o f   d i s t r i b u t i o n s  of e x c i t i n g  stars relative t o   t h e   d i f f u s e  
nebulae,  e tc . ,  are so  p e r s u a s i v e   t h a t   e v i d e n t l y   t h e r e  i s  no  need t o  
doubt   the   ex is tence   o f   th i s   p rocess .  

The expansions  of   the   regions H I1 a t  f i r s t  were considered 
t h e o r e t i c a l l y  by o o r t  and Spi tzer   (Refs .   33,  3 4 ) .  They considered  the 
expansion  of  the  emission  nebulae as a mechanism  which t r ansmi t s  parts 
of   the  radiat ion  energy  of   hot  stars t o  t h e   c l o u d s   i n   t h e   i n t e r - s t e l l a r  
medium. Savedoff and  Green  (Ref.  35)  calculated a hydrodynamic  model 
wi th   th i s   type   o f   mot ion .  But those and o the r s  were o n l y   i n t e r e s t e d   i n  
t h e   e f f e c t s  of  expansion  in  neutral   hydrogen and they   d id   no t   cons ider  
t he   evo lu t ion  o f   t he   emis s ion   nebu la   i t s e l f .  Based  on the   Oor t -Spi tzer  
hypothesis   Pronik  (Ref .  36)  proposed  the  following  system  for  the  for- 
mation of t h e   p e r i p h e r a l   s t r u c t u r e s .  The expanding  zone H I1 r e s u l t s   i n  
a shock wave in   the   sur rounding   gas  (H I ) .  The shock wave sets i n t o  
motion a cer ta in   l ayer   o f   co ld   compressed   gas   which   c i rc les   the   zone  H 
11. During  the  expansion  of  zone H I1 t h i s   o p t i c a l   d e n s i t y   d e c l i n e s  and 
the  compressed  neutral  hydrogen i s  ion ized .   I f   t he   dens i ty   o f   t he  /186 
i n t e r - s t e l l a r   g a s  as i t  gradual ly   depar t s   f rom  the   exc i t ing  star f a l l s ,  
t hen   t he   i on iza t ion  of the  substance  from  the  inner p a r t  of   the   layer   of  
the  compressed H I - gas   can   proceed   fas te r   than   the  "skimming" of new 
masses  from  the  external area, so t h a t   i n  t i m e  t h e   e n t i r e   d e n s e   " b a r r i e r "  
w i l l  be  ionized and w i l l  c r e a t e  a bright  mantle  around  the  remaining mass 
of   the   d i f fus ing   nebulae .   This  model expla ins  well the   observed   s t ruc ture  
of a d i f fus ing   nebu lae  NGC 6523  bu t   be ing   pure ly   qua l i ta t ive ,  i t  cannot 
subs t i t u t e   t he   t heo ry   o f   t he   fo rma t ion  of p e r i p h e r a l   s t r u c t u r e s .  

Recent ly   calculat ions  on  the  expansion of  zone H I1 were  conducted 
by th i s   au thor   (Ref .   37) .  From these   ca l cu la t ions  a new model fo r   t he  
format ion   of   per iphera l   s t ruc tures   in .   d i f fus ing   nebulae   fo l lows .  Expan- 
s ion   of   the   zone  H I1 br ings  a shock   charac te r   in to   the   sur rounding   gas .  
This  hydrodynamic  motion i s  complicated by secondary   e f fec ts :   the  
expansion  of   the  ini t ia l   Stremgren  zone  leads  to   the  decrease  of  i t s  
o p t i c a l   t h i c k n e s s   i n   t h e  Lyman continuum.  Therefore,  due to   t he   shock  

.wave along  the  compressed  neutral   gas   an  ionizat ion  skip is  emi t ted .  
Since  the  shock wave  which  has  passed  through  the  neutral  substance 
i n c r e a s e s   t h e   p r e s s u r e   i n   t h e   r e g i o n  H I t o  a magnitude  which  equals 
t h e   p r e s s u r e   i n   t h e   r e g i o n  H 11, then on both  s ides   of   the   secondary 
i o n i z a t i o n   s k i p   t h e   p r e s s u r e  i s  i d e n t i c a l .  From a hydrodynamic po in t  of 
view the   secondary   ion iza t ion   f ront   evokes   the  phenomenon which  corresponds 
t o  a sur face   explos ion .  The su r face   exp los ion  emits d i s t o r t . i o n   i n   b o t h  
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d i r e c t i o n s .  An approximate   ca lcu la t ion   of   such  a motion shows t h a t   t h e  
d is tor t ions   which  are emi t ted  by t h e   i o n i z a t i o n   f r o n t   i n   t h e   d i r e c t i o n  
of t he   ho t  star c a n   l e a d   t o  a c e r t a i n   i n c r e a s e   i n   d e n s i t y  of matter i n  
the   ou ter  parts of the  zone H 11. T h i s   i n c r e a s e   i n   d e n s i t y  i s  s u f f i c i e n t -  
l y   g r e a t   t o   e x p l a i n   t h e   f o r m a t i o n  of p e r i p h e r a l   s t r u c t u r e s .  

The ca l cu la t ions   (Re f .  37) revea led   the   inaccuracy   of  some assump- 
t i o n s   i n   t h e   O o r t - S p i t z e r   h y p o t h e s i s .   F i r s t  of a l l  the  Stremgren  zone 
is  formed  around  the  newly  excited  hot s tar  and o n l y   t h e r e a f t e r   t h e  
hydrodynamic i n t e r a c t i o n  of ho t   ( ion ized)  and co ld   (neut ra l )   gases   begins .  
Up to   the  formation  of   the  Stremgren  zone  the  ionizat ion  f ront  was f r e e l y  
e m i t t e d .   T h i s   d i d   n o t   r e s u l t   i n  hydrodynamic  motions.  But  after  the 
occurrence of t h i s  zone  the  fur ther   advancement   of   the   ionizat ion  f ront  
i s  fu l ly   de t e rmined  by the . expans ion  of t he   r eg ion  H I1 s ince   t he  
expans ion   of   the   in i t ia l   S t remgren   zone   de te rmines   a l so   the   force   o f   the  
i o n i z a t i o n  flux and t h e   s t a t e  of the  substance  which is  a f f e c t e d  by t h i s  
i o n i z i n g   r a d i a t i o n .  Thus the   ho t  s t a r  ind i r ec t ly   b r ings   i n to   mo t ion   t he  
in te r -s te l la r   gas   th rough  the   expans ion  of the  ionized  gas  which  surrounds 
i t .  This   c i rcumstance   reduces   the   e f fec t iv i ty   o f   the   " rocke t  mechanism" 
of t h e   a c c e l e r a t i o n  of in te r -s te l la r   c louds   to   zero .   This   mechanism/ l87  
was proposed by Oort and Sp i t ze r .   Fu r the rmore ,   i f   t he   shock  wave,  which 
expands  through a neut ra l   subs tance ,   reaches   reg ions   wi th   an   abrupt   d rop  
i n   t h e   d e n s i t y   o f   t h e  medium, then a r a r e f a c t i o n  wave w i l l  a f f e c t   t h e  
compressed  gas (H I) and t h e   f r o n t a l  area of the  compressed  neutral   gas 
w i l l  t r ave l   w i th   t he   speed   o f   gas   d i spe r s ion   i n  a vacuum. Af t e r   t he  
r a r e f a c t i o n  wave encoun te r s   t he   i on iza t ion   f ron t   t he   ve loc i ty   o f   t he  
ion iza t ion   f ron t   i nc reases   r e l a t ive   t o   t he   compressed   neu t r a l   gas ,   bu t  
the   speed   of   d i spers ion   of   the   gas  H I i n  a vacuum w i l l  r emain   l ess .  
It is, the re fo re ,   h igh ly   improbab le   t ha t   t he   f l uc tua t ions   o f   dens i ty   o f  
the   neut ra l   subs tances ,   which   sur round  the   in i t ia l   S t remgren   zone ,   might  
l ead   t o   t he   ove r t ak ing  of  the  shock wave by the   i on iza t ion   f ron t .   Th i s  
was assumed in   (Re f .  36) for   the  explanat ion  of   observed  per ipheral  
s t r u c t u r e s  . 

3.  We w i l l  now cons ide r   such   an   impor t an t   s t ruc tu ra l   pecu l i a r i t y  
of   the  diffused  nebulae,  as fo r   i n s t ance   e longa t ion  and f ib rousness .  
Th i s   pecu l i a r i t y  i s  encountered  in   objects   which are ex t remely   d iverse   in  
t h e i r   n a t u r e  as we l l  as in   t he i r   d imens ions :   t he   b r igh t   f i be r s   i n   t he  
Cancer  nebula i n  NGC 6960--6992--5  and in   other   remnants   of   c louds of a 
super  nova;  objects  of  the  "cosmic  gas  f lux  type",   such as the  nebula 
NGC 1 4 9 9 ;   t h e   e l o n g a t e d   s t r i a t e d   g a s   f i e l d s   i n  Cygnus,  the  system  of 
f i b r e s   i n   t h e   n e b u l a  NGC 2264; the  e longated  dark  nebulae  in   Taurus and 
S e r p e n t s ,   t h e   f i n e   f i b r o u s   f o r m a t i o n s   i n   t h e   r e f l e c t i n g   n e b u l a e ,   f o r  
example i n   P l e i a d e s .  By no  means i s  i t  ev ident   tha t   the   format ion  of 
a l l  o f   t hese   s t ruc tu res  i s  r e l a t e d   t o   t h e   e f f e c t   o f  one  and the  same 
mechanism. 
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The f i rmly  e longated  nebulae are eas i ly   seen   on   the   photos  of 
s te l la r  f i e lds   i n   t he   Ba rna rd   (Ref .  5) , Ross  and Calver t   (Ref .  3 8 )  
Atlases. These   ob jec t s   a t t r ac t ed   a t t en t ion   be fo re  many elongated and 
f ibrous  emission  nebulae were known. It was once  considered , t h a t   t h e  
e longated  dark  nebulae w e r e  formed  from more o r  less compact o b j e c t s  
under   the   in f luence   o f   t ida l   forces ,  as a r e s u l t  of t h e   d i f f e r e n t i a l  
g a l a c t i c   r o t a t i o n   ( R e f .  3 9 ) .  Shayn came up wi th  a d i f f e ren t   hypo thes i s :  
The expansion  of  gaseous  clouds  ( ionized as w e l l  as neutral   hydrogen) 
due to   the   inner   thermal  and tu rbu len t   mo t ions   i n  a magne t i c   f i e ld   can  
l ead   t o   t he   fo rma t ion   o f   such   l a rge   e longa ted   s t ruc tu res  as the   dark  
nebulae  Taurus  and i n   S e r p e n t s  and the  emission  nebulae of the  type NGC 
1499 and S48-SlO8.  Later  he  convincingly  proved  (Refs.  40-44)  the  
ac tua l   expans ion  of d i f fuse   nebu lae  as w e l l  as t h e   e s s e n t i a l   r o l e  of  the 
i n t e r - s t e l l a r   m a g n e t i c   f i e l d   i n   t h i s   p r o c e s s .  The ex is tence   o f   the  
cor re la t ion   be tween  the   d i rec t ion  of the  e longat ions  of   nebulae and the  
i n t e r - s t e l l a r   m a g n e t i c   f i e l d   d i s c l o s e d  by means of i n t e r - s t e l l a r   p o l a r -  
i z a t i o n   o f  s te l la r  l i g h t   p r o v e s   t h e   v a l i d i t y  of  Shayn's  hypothesis.  j 1 8 8  
A t  p re sen t   t h i s   i n t e rp re t a t ion   o f   e longa t ion   nebu lae   o f   t he   i nd ica t ed  
types  cannot  be  doubted. 

The case  i s  somewhat d i f f e r e n t   i n   t h e   e x p l a n a t i o n  of t h e   f i n e  
f i b r o u s   s t r u c t u r e  of  clouds  of  super  novas:  the  magnetic  f ield and the 
usual  expansion  of  the  hot  substance  cannot  explain  the  existence  of 
f i b e r s   w i t h   l e n g t h s  a hundred times g r e a t e r   t h a n   t h e i r   t h i c k n e s s .   I n  
1946 Oort  (Ref. 10) proposed   t he   i nves t iga t ion   o f   t he   t h in   f i b rous  
system NGC 6960-6992-5 as a luminescent  impact  front  which  occurred 
during  the  motion of t he   expand ing   c loud   i n   t he   i n t e r - s t e l l a r   subs t ance .  
Pickelner   (Ref .  45) ca lcu la t ed   i n   de t a i l   t he   l uminescence  of t h i s   f r o n t  
and  showed tha t   the   observa t ions   agreed   qu i te  w e l l  w i t h   t h e   t h e o r e t i c a l  
c a l c u l a t i o n s   i f  i t  i s  assumed t h a t   t h e   t h i n   f i b e r s   a r e  formkd dur ing   the  
i n t e r s e c t i o n   o f  two shock   f ronts .   Moreover ,   the   o r ien ta t ion  of t h e   f i b e r s  
i n   t he   sys t em NGC 6960-6992-5 r e l a t i v e   t o   t h e   i n t e r - s t e l l a r   m a g n e t i c  
f i e l d  and t h e   r e l a t i o n  of the   f ibers   in   the   Cancer   nebula   wi th   the   loca l  
magnet ic   f ie ld   (see  for   example  Ref .  4 6 )  a t tes t  to   the  major   role   played 
by the   magne t i c   f i e ld   i n   such   ob jec t s .   I n   t he  framework  of  magnetic 
hydrodynamics  several   models  of  the  formation  of  such  f ine  f ibrous 
s t r u c t u r e s  were proposed.  Kaplan  (Ref. 4 7 )  asser ted   tha t   the   magnet ic  
f i e l d   s i g n i f i c a n t l y  arises i n  a shock wave and t h i s   r e s u l t s   i n   i n d u c t i o n  
f luxes .  Under the   in f luence   o f   these   f luxes   the   shock   f ront   d i ss ipa tes  
i n t o   i n d i v i d u a l   f i b e r s .  Pikel'ner and the  author  (Ref.  4 8 )  ca lcu la t ed  a 
rough  model  of  the  "mechanical  pinch"--the mechanism for   the  formation  of  
f i b r o u s   s t r u c t u r e s  as a resu l t   o f   tu rbulen t   mot ions   which  accompany the  
medium in to   t he   magne t i c   f i e ld .   Th i s  mechanism has   e f f ec t ive   i n f luence  
i n   t h e  medium wi th  a Reynolds  magnetic number o f   g rea t e r   t han  100 t o  2 0 0 .  
I n   t h e   i o n i z e d   r e g i o n s   o f   i n t e r g a l a c t i c  matter t h i s   c o n d i t i o n  is s a t i s f i e d  
bu t   t he   dange r   ex i s t s   t ha t   d ive r se  aspects of   the   hydromagnet ic   ins tab i l i ty  
w i l l  hinder  the  development  of  the  f ibers.  R.  V. Polovin  (Ref.  4 9 )  has 
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Fig .  3 .  Fine Fibrous Emission Nebula 
NGC 6960-6992-5. 
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Fig .  4 .  Fine  Fibrous  Reflect ing  Nebula  
i n  the   P l e i ades .  
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shown t h a ' t   i n  some cases the  shock wave i n   t h e  magneto-hydrodynamic 
medium s p l i t s  up i n t o  two shock waves and  even  proposed  the  appl icat ion 
of t h i s   e f f e c t   f o r   t h e   e x p l a n a t i o n   o f   t h e   f i n e   f i b r o u s   e m i s s i o n   n e b u l a e .  
Recent ly   P icke lner  (Ref.. 50) found  that   dur ing  the  expansion  of   the  super  
nova clouds  which  contained a magnet ic   f ie ld ,   the   p ressure   o f   the   cosmic  
r a y s   l e a d s   t o   t h e   d i s i n t e g r a t i o n  of t h e s e   c l o u d s   i n t o   f i b r o u s   d e t a i l s .  
In   t he  framework  of t h i s  model t he   ex i s t ence   o f   nebu la r   ob jec t s   o f  two 
sha rp ly   d i s t i nc t   t ypes   i n   t he   sou rce   o f   r ad io  Cas A can  be  simply 
explained.  

As f o r   t h e   f i n e   f i b r o u s   s t r u c t u r e s   i n   t h e   r e f l e c t i v e   n e b u l a e   ( o f  
the   P le iades   type ,   they   have   no t   ob ta ined  a t  t h i s  time any  physical  
i n t e r p r e t a t i o n .  It can  only  be  asser ted  (Ref .  51) t h a t ,   i n   t h e   f i r s t  
p lace ,   the   f i l aments   in   such   nebulae  were always  or iented  a long a l o c a l  
magnet ic   f ie ld   and ,   in   second  p lace ,   the  known phys ica l   p rocesses ,  i . e . ,  
g r a v i t a t i o n a l   d i s i n t e g r a t i o n  of a continuous medium, t h e   m u l t i p l i c a t i o n  
o f   t he   dens i ty   f l uc tua t ions   i n   t he   magne t i c   f i e ld ,   t he  weak and  strong- 
magneto-hydrodynamic d is tor t ions ,   " the   mechanica l"   p inch-ef fec t   cannot  
expla in   the   format ion  of t h e s e   f i n e   f i b r o u s   s t r u c t u r e s .   E v i d e n t l y ,   i n  a 
g iven   ca se   t he   l imi t a t ion   o f   ou r  knowledge on   the   phys ica l   condi t ion   o f  
matter i n   t h e   r e g i o n s  H I t o   t h i s  time does  not p e r m i t  t he   cons t ruc t ion  
of a s a t i s f a c t o r y  dynamic theory.  

In   conc lus ion   o f   t h i s   su rvey  i t  i s  necessary   to   emphas ize   tha t   the  
inves t iga t ion   of   the   morphologica l   pecul ia r i t i es   o f   the   d i f fuse   nebulae  
already  has  led  to  the  occurrence  of  such  important  cosmogonical  ideas as 
the  concepts   concerning  the  expansion  and  dis integrat ion  of   the  emission 
nebu lae ,   t he   fundamen ta l   ro l e   o f   i n t e r - s t e l l a r   magne t i c   f i e lds   i n   t he  
development   of   di f fuse  substance,   the   or igin  of   emission  nebulae and 
stars i n  a s ing le   p rocess  from o the r  forms  of matter, and a l s o   t h e  
explana t ion  of many problems  of  cosmic  gas-dynamics  and  cosmic  magneto- 
hydrodynamics. A l l  o f   t h i s   s t i m u l a t e s   f u r t h e r   r e s e a r c h   o n   t h e   s t r u c t u r e  
o f   d i f fuse   nebu lae   fo r  a deeper   understanding of the   phys ics  and evo lu t ion  
of t h e   i n t e r - s t e l l a r  medium. 
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ELECTRON TEMPERATURF. OF GASEOUS NEBULAE AND METHODS /191 
OF ITS DETEZMINATION 

V.  I. Pronik 

I n   t h e   f i r s t  p a r t  of t h i s   r ev iew,   t he  works  on t h e   i n v e s t i g a t i o n  
of  energy  balance and the   de t e rmina t ion   o f   t he   e l ec t ron   t empera tu re   i n  
the  gaseous  nebulae are cons idered .   In   the   second p a r t ,  a review i s  given 
on the  methods  of   the  determinat ion  of   the  e lectron  temperature   f rom  the 
observa t ions .  

The problem  of   inves t iga t ing   the   e lec t ron  t e m p e r a t u r e  of gaseous 
nebulae i s  d i v i d e d   i n t o   t h r e e  separate tasks :  

1. The p u r e l y   t h e o r e t i c a l   d e r i v a t i o n  of   the  e lectron  temperature  
on  the  basis   of  a d e t a i l e d   a n a l y s i s  of   the  processes   which  occur   in   the 
gaseous  nebulae,  the  processes  which may i n  one way or   another   in f luence  
the   ene rgy   o f   t he   f r ee   e l ec t rons   o f   t he   nebu la .  To these   be longs ,   for  
example,   the   works  concerning  the  invest igat ion  of   the  energet ic   balance 
o f   f r e e   e l e c t r o n s .  

2.  The  development of the  methods  of  determination  of  the  electron 
temperature by means of   observat ions.  

3 .   Derivat ion  of   observat ion  data  and de termina t ion  of e l e c t r o n  
temperature by the  developed  method. 

I n   t h e   p r e s e n t   a r t i c l e   t h e  s t a t e  of  the  problem i s  examined 
a c c o r d i n g   t o   t h e   f i r s t  two problems. 

I. The Energetic  Balance  of  Free  Electrons and E lec t ron ic  
Temperature  of  Gaseous  Nebulae 

Although  the f i r s t   obse rva t ions   o f   t he   spec t r a   o f   nebu lae   were  
concluded  basically  before  1918  (Ref.  1) the  information  concerning 
the i r   e l ec t ron   t empera tu re  Te appeared  only  in   1939 when Ambartsumyan 

(Ref .   2)   developed  for   the  f i rs t  time a method for   the   de te rmina t ion   of  
T a c c o r d i n g   t o   t h e   l i n e s  N + N and X 4 3 6 3  of a twice ionized  oxygen. e 1 2  
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Disregarding  the impacts of  the  second  type Ambartsumyan obtained 
t h e   f o r m u l a   f o r   t h e   r e l a t i o n   o f   t h e   i n t e n s i t y  of t h e   l i n e s  N + N and 
h 4363 1 2 

X 2-3 
EN +N v 

'A4364 v2+3 A3-+2 1-3 
1 2" - [l + AZ,l " A3-2  '1-2 ? e ]  , ' (1) 

where  the  conditions 3P, ID and S cor respond  to  1, 2 ,  and 3.  Here A 
denotes   the   p robabi l i ty   o f   the   spontaneous   t rans i t ion  and 0, t h e   e f f e c t i v e  
c r o s s   s e c t i o n   o f   e x c i t a t i o n .  Roughly cons ide r ing   t ha t  0 / G  = 1  

( the   va lues   o f   the   e f . fec t ive   c ross   sec t ions  were a t  t h a t  t i m e  s t i l l  no t  
known) and accept ing  according  to   (Ref .  2) t he  mean va lue   o f   t he   r e l a t ion  

EN1+N2/E4363 

(1) the   average   va lue   o f   the   e lec t ron   tempera ture   o f  a nebulae T cz 
7000° C . 

1 

1-2 1-3 

as be ing   equa l   t o  30, Ambartsumyan obtained  from  formula 

e 

A t  approximately  the same time  Baker, Menzel  and Al le r   (Ref .  3) 
on the   bas i s   o f   the   equat ion   for   the   rad ian t  equi1ibrium:k  and the  
cond i t ion   o f   t he   s t a t iona r i ty  of i on iza t ion   i n   t he   nebu la   ob ta ined  a 
r e l a t i o n  between  the  e lectron  temperature  of the  gas and the  temperature  
of   the   rad ia t ion   of   the  star T, beyond the  range of the  Layman series f o r  
a case  of  a purely  hydrogen  nebula .   For   an  opt ical ly   f ine  nebula  
(T < 1) t h i s   r e l a t i o n   h a s   t h e   f o l l o w i n g  form: 

LC 

m m " 

* 
This   equat ion i s  a d e s c r i p t i o n  of the  physical   condi t ion  under  

which  the  quantity  of  energy  absorbed by the  atoms  should  be  equal  to 
t he   quan t i ty   o f   r ad ia t ed   ene rgy   fo r   t he   un i t s  of volume  and time. 
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where 

m 

A =- hu ". kum , a = I T ;  1 

2hRZ2 ' 
- ' '1 kT, 

1 n 

Symbol i ca l ly ,   equa t ion   (2 )   can   be   wr i t t en   i n   t he  form 

where  the l e f t  term i s  dependent  only  on T, and t h e   r i g h t  t e r m  i s  /193 
the  function  dependent  on  only T . The r e l a t i o n  which  they  obtained 

between  the  temperature  of  the s tar  and the   t empera ture   o f   the   gas   for  
the  opt ical ly   f ine  nebula   of   pure   hydrogen i s  shown i n  Table 1. 

e 

Table 1. The Rela t ion   of  T, and Te 
"" 

T, Te T, Te 

5 000 

34 000 40 000 

132 000 320 000 18 000 20 000 

92 000 160 000 9 500 10  000 

57 000 80 000 5 000 

"" ~~~ 

Later Menzel , Aller ,  and Hebb (Refs .   4 ,  5 )  ca l cu la t ed   t he   e f f ec -  
t i v e   c r o s s   s e c t i o n s  of t h e   e x c i t a t i o n s  by e lec t ron   impact   o f  a D and S 
l e v e l  of the   ion  0 I11 and by u t i l i z i n g   t h e   i n t e n s i t y  of t h e   l i n e s  
N1 + N2 andh4363  which  they  observed,   they  calculated  the  values   of  T 

for   twenty   o r   th i r ty   p lane tary   nebulae  by the  Ambartsumyan  method. 
e 



23 1 

Thereby , they 
of the  second 

For a n  

took   i n to   cons ide ra t ion   a l so   t he   i n f luence   o f   t he   impac t s  
type.  As a r e s u l t   t h e   f o r m u l a  (1) took  the  form 

EN +N 
= 4.07 e 33000/Te 

n 

&A4363 

overwhelming  majority of nebulae   the   e lec t ron   tempera ture  
proved   to   be   in   the  limits of 7 ,000  t o  10,OOO°C. The temperature   did 
not  show any  dependence  on  the  degree  of  excitation  of  the  nebula and  on 
the  temperature   of   the   central  s tar  which was found  by  the  Zanster 
method . 

The divergence  between  the  observed  electron  temperature and the 
theo re t i ca l   va lue   o f  i t  obta ined   for  a purely  hydrogen  nebula  (Ref.   3) 
w a s  soon  explained by  Menzel  and Aller (Ref. 6 )  as t h e   e f f e c t  of  the 
cooling  off   of  the  nebula on the  ions 0 111. They showed t h a t   i f  we 
cons ide r   t he   r ad ia t ion  of t h e   n e b u l a   i n   t h e   p r o h i b i t e d   l i n e s  (0 111) i n  
t h e   e q u a t i o n   o f   t h e   r a d i a n t   e q u i l i b r i u m ,   t h e n   i n   t h e   r i g h t  term of 
equat ion (2)  an   add i t iona l  member w i l l  appear ,   equa l   to  

X PD 
" 

Here N i s  the number of atoms of 0 I11 i n   t h e   b a s i c   s t a t e ;  Ni i s  t h e m  

number of  protons.  The f a c t o r  (1 - p) t akes   i n to   cons ide ra t ion   t he  
impacts of the  second  type 

P 

-6 NDNe 'DP 
8.54 . 10 

1/2 

-6 NDNe 'DP 

Te 1 
B =  - - 

5 %-+P T:/2 

Te 'P-D Ne 

( 6 )  
8.54 10 1/2 + N D L p  1 + 5.85  10 - - 

The atomic parameter a i s  connec ted   wi th   the   e f fec t ive   d iameter   c ross  
s e c t i o n  IS by t h e   c o r r e l a t i o n  
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where  25 + 1 is the  s t a t i s t i ca l  weight  of  the  lower s ta te  and v i s  the 
v e l o c i t y   o f   t h e   e l e c t r o n .  

In   the   symbol ic   des igna t ions   o f   equa t ion   (3)   th i s  new equat ion  of  
t h e   r a d i a n t   e q u i l i b r i u m  is  wr i t t en   t hus :  

The c o r r e c t i v e  term C (T ) proves  to   be  extremely  essent ia l .   For  example 
t h e r e  is  enough re la t ive  abundance of ions  0 I11 on the   o rder  of 

No III/Ni M t o  lower  the  electron  temperature  of  the  nebula  from 

57,000 t o  8,0OO0C and the   t empera tu re   o f   t he   exc i t i ng  .star of 80,0OO0C. 
Recently Aller (Ref. 7) e s s e n t i a l l y  improved t h i s  method for   determining 
e lec t ron   tempera ture  by present ing   the   energy   of   the   nebula   be ing   rad i -  
a t e d   i n   t h e   p r o h i b i t e d   l i n e s  as fol lows 

e 

where E i s  t h e   e n e r g y   e m i t t e d   i n   t h e   l i n e  H and 1 Ii/IH is  the  H B B 
i B 

obse rved   r e l a t ion  of t h e   t o t a l   i n t e n s i t y  of a l l  t h e   p r o h i b i t e d   l i n e s   t o  
t h e   i n t e n s i t y   o f   t h e   l i n e  H Thereby  the  correct ive term i n   e q u a t i o n  

(8) takes  on  the  form 
B '  

C (T,) = 1.61  . e kTe 

where b (T,) charac te r ize   the   degree  of d e v i a t i o n  of t he   fou r th   l eve l  

population  hydrogen  atom  from i t s  populat ion  during  thermal  dynamic 
equi l ibr ium  (Refs .  8, 9) .  By using  the  values  of T, found  spectro-  
photometr ica l ly   o r  by the  Zanster  method  and the  observed  magnitude  /195 

1 I i ' I H  
i B 

Aller (Ref.  7)  found i n   t h i s  way the  temperature   of  a series 
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of  nebulae.   These  values  of T as a r u l e  are e s s e n t i a l l y   g r e a t e r   t h a n  e 
the   t empera tures   found  accord ing   to   the   re la t ion  E N,+N,/Eh 4363 * 

In 1941 V. V. Sobolev  (Ref. 10) proposed a method of  determining 
Te, based on the   inves t iga t ion   of   the   energe t ic   ba lance   o f   e lec t ron   gas .  

Thereby ,   the   energy   losses   o f   f ree   e lec t rons   on   exc i ta t ion  and i o n i z a t i o n  
of  hydrogen  atoms  by  an  electron i m p a c t  were t aken   i n to   cons ide ra t ion  
f o r   t h e   f i r s t :  time. The essence   o f   th i s  method is c o n t a i n e d   i n   t h e   f a c t  
tha t   the   quant i ty   o f   energy   which   e lec t rons   ob ta in   dur ing   the   photo-  
Lonizat ion of hydrogen   should   be   equal   to   the   fu l l  amount of   energy that 
they   l o se   du r ing   i n t e rac t ion   w i th   o the r  atoms  and ions  plus   the  energy 
of  recombining  electrons.   Since  the la t ter  depend  on  the  electron 
tempera ture   o f   the   nebula ,   the   condi t ion   o f   equa l i ty   o f   ga in  and l o s s  of 
energy p e r  u n i t s  of  volume and t i m e ,  d e t e r m i n e s   i n   i t s e l f   t h e   s o u g h t  
va lue   o f   the   equi l ibr ia1   e lec t ron   tempera ture   o f   the   nebula .   Cons ider ing  
t h a t   e l e c t r o n s   l o s e   e n e r g y   i n   t h r e e  ways:  by r a d i a t i o n   i n  a continuous 
spectrum ( f r e e   t r a n s i t i o n s )  on e x c i t a t i o n  of t h e   l i n e s  N + N 2 ,  and i n  

the   course   o f   ine las t ic   co l l i s ions   wi th   hydrogen   a toms,   Sobolev   ob ta ined  
on   the   bas i s  of the  energy  conservat ion l a w ,  an   equa t ion   i n   t he   fo l lowing  
form 

I495 9 

IH 
AT, = BTe + C - + D -  

B N: ' 

where I  4959/IH i s  t h e   r e l a t i o n   o f   i n t e n s i t y  o f   t he   l i ne  4959 (0 111) 

t o   t h e   i n t e n s i t y   o f  H N / N  , i . e . ,  t h e   r e l a t i o n  of  the number of 

neutral   hydrogen atoms t o   t h e  number of protons.  When T~ < 1 the  

c o e f f i c i e n t  A has  the  fol lowing  value:  

B 
H+ 

C 

e x - 1  
xO A =  - x(); 

T dx 

X 
x (eX - 1) 

0 
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and consequently  depends  only  on  the  temperature  of  the s tar .  The 
c o e f f i c i e n t s  B,  C and D are the   func t ion   o f   t he   nebu la ' s   e l ec t ron  
temperature  only.  It i s  e a s i l y   n o t i c e d ,   t h a t ,   i n   p r i n c i p l e ,   t h e  
equat ions (8) and (11) are i d e n t i c a l .  Only equation  (11)  has  an  addi- 
t i o n a l  term which   t akes   i n to   cons ide ra t ion   t he   exc i t a t ion  of  hydrogen by 
an   e lec t ron   impact .  The e lec t ron   tempera ture   o f  a s e r i e s   o f   p l a n e t a r y  
nebulae  found  by means of   equa t ion  (11) i s  wi th in   t he  limits of   13  to  
19,000°C, i . e . ,  i t  i s  an   ident ica l   t empera ture   to   the   one   ob ta ined  by 
Aller (Ref. 7) cons iderably  la ter  wi th  a similar method. The loss  of/196 
energy by e l e c t r o n s   d u r i n g   i n e l a s t i c   c o l l i s i o n s   w i t h   n e u t r a l   h y d r o g e n  
atoms,   const i tutes   f rom 15 t o  60% of   t he   t o t a l   e l ec t ron   ene rgy   acco rd ing  
to   (Re f .  10) . 

Along wi th   t he  works by Menzel, Aller and  Sobolev i t  i s  a l s o  
necessary   to   ment ion   the  works by Spi tzer   (Refs .   11-14)   on  the  determi-  
na t ion  of t h e   e l e c t r o n  temperature of  the H I and H I1 regions  of i n t e r -  
s t e l l a r  gas .  A s  i n   t h e  works  of  preceding  authors,  the  works by S p i t z e r  
are of a theo re t i ca l   cha rac t e r .   Dur ing  1947 t o  1949 Sp i t ze r   i nves t iga t ed  
(Refs.  11-12) a l l  poss ib le   p rocesses  o f  hea t ing  and coo l ing  of  gas,  which 
occur s   i n   t he   r eg ions  H I1 near  morning s ta rs  and i n   t h e   r e g i o n s  of 
neutral   hydrogen  with  the  purpose of ob ta in ing  a theo re t i ca l   de t e rmina t ion  
of e l e c t r o n   t e m p e r a t u r e   o f   i n t e r - s t e l l a r   g a s .   I n   t h e   r e g i o n s  H 11, i n  
which we are in te res ted   in   the   g iven   case ,   these   p rocesses   a re   reduced  
to   t he  one  which  has  already  been  examined e a r l i e r  by Sobolev and Aller,  
wi th   the   except ion  of p rocesses   r e l a t ed   t o   t he   p re sence  of d u s t .  
Gene ra l ly   speak ing , the   ex i s t ence   o f   dus t   i n   t he   ho t   r eg ion  of ion ized  
hydrogen i s  not  a t  a l l  understandable ,   but   the   c lass ical   example  of   the 
Major  Nebula i n   O r i o n  shows t h a t   t h i s  i s  evident ly   the  case.   According 
to   (Ref .   12)   the   p resence   o f   dus t   par t ic les   i f   they  are d i e l e c t r i c ,   l e a d s  
to   t he   adso rp t ion  of f r e e   e l e c t r o n s .  Such adso rp t ion  i s  r e l a t ed   t o   t he  
condensat ion  of   e lectrons on the   su r f ace   o f   t he   dus t   pa r t i c l e s  and t h e i r  
subsequent  breaking  off as a r e s u l t  of  the  impacts by f r e e   e l e c t r o n s .  
The e l ec t rons   wh ich   c l ing   t o   t he   su r f ace  of   the  dust  pa r t i c l e  can   a l so  be 
n e u t r a l i z e d  by means of   recombinat ion  with  posi t ive  ions.  However, the  
p r o b a b i l i t y   t h a t  a d u s t   p a r t i c l e  w i l l  encounter  an  ion ( 5  - 1 e lom4) i s  

on  the  average less than   t he   p robab i l i t y  of a c o l l i s i o n   w i t h   a n   e l e c t r o n  
(5, - 0.5 f 0 .1 ) .  I f  w e  d i s regard   comple te ly   the   neut ra l iza t ion ,  

cons ider ing   roughly   tha t   the  number of adherences of t he   e l ec t rons  i s  
a c c u r a t e l y   e q u i l i b r i a 1   t o   t h e  number of  impacts  during  which  the  free 
e lec t ron   d i s lodges   adher ing   e lec t rons   f rom  the   sur face   o f   the   dus t   par t ic le ,  
then   the   over -a l l   energy   be ing   los t  by e l e c t r o n s  as a r e s u l t   o f   t h i s  
p r o c e s s   i n  volume and t ime  un i t s  i s  e q u a l   t o  

i 
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where N is the  number o f   d u s t   p a r t i c l e s  p e r  unit  volume, a i s  t h e i r  
g 

average  radius ,  V is  t h e   e l e c t r o s t a t i c   p o t e n t i a l   o f   t h e   d u s t  par t ic le .  
The l a t t e r  according  to  van  de  Hulst   (Ref.  15) depends  on Te and i s  

equal   to   2 .2  'e 
10 ,oooo c - 

The adso rp t ion   o f   e l ec t rons  on the   dus t  particles becomes e s s e n t i a l  

when N / N  > lo-'' ( t h e   a v e r a g e   r e l a t i v e  abundance  of  dust   for  the  inter-  

s t e l l a r  medium cons idered   equal   to  N / N  = The values   of  /197 

t he   equ i l ib r i a1   t empera tu re   i n   t he   r eg ions  H I1 near 0-B-stars obtained 
by S p i t z e r  and Savedov  (Ref.  13)  on  the  basis  of  the l a w  of p re se rva t ion  
of  energy are g iven   in   Table   2 .  The values  of T were c a l c u l a t e d   f o r  

d i f f e r e n t   d e n s i t i e s  (N, = 10 , 1 and  10 cm ) and f o r  a d ive r se  abun- 

g H  

g H  

-2 2 -3 
e 

11 

dance of cooi ing   ions  (Ni/NH = 2 - and 2 * 10 ) . The abundance 

d u s t   p a r t i c l e s  w a s  t aken   to  be s tandard .  

-4 

Table  2. The Value  of  Equilibria1  Temperature 

10 -2  

1 

10 

Ni/NH 
Near 0-s tar Near B-s  t a r  

6 800' 4 800' 
1 2  000 9 500 

6 900 
12 000 

7 600 
13 000 

5 000 
9 500 

5 700 
10 000 

of 

A s  should  have  been  ant ic ipated  within  these limits of d e n s i t i e s   t h e  
e lec t ron   tempera ture  i s  almost  independent of t he   dens i ty  of  the  nebula 
bu t  i s  extremely  essent ia l ly   dependent   on  the  re la t ive  abundance  of  
cool ing   ions  and the  spectral  c l a s s  of   the  exci t ing s tar .  

Somewhat la ter  Spi tzer   (Ref .  14) found  the  average  equilibrium 
temperature   of   the   regions H I1 by t h e  same method equal   to   approximate ly  
800O'C. Thereby, a c e r t a i n  mean chemical  composition (Ni/N ) and a 

s tandard  content   of   the   dust  were adapted. 
H 
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The works  of  Menzel, Aller, Sobolev  and  Spitzer  which were d i s -  
cussed  above are of a t h e o r e t i c a l   n a t u r e  and the   va lues  of T which  they 

y ie lded  are a l s o  most   p robably   theore t ica l .  The method  which  they are 
us ing  is  t h e  same energy  balance  method. The equa t ion  of energy  balance 
i s  of i n t e r e s t  when the   e lec t ron   tempera ture   o f   the   nebula  i s  known, 
s i n c e ,   i n   t h i s  case, we c a n   e i t h e r   d e f i n e  more accu ra t e ly   t he   da t a  
conce rn ing   t he   r ad ia t ion  of t h e  star beyond the  Layman l i m i t  or confirm 
the  accuracy  of  our  concepts  concerning  the  processes  which are respons- 
i b l e   f o r   t h e   c o o l i n g  and hea t ing  of f r e e   e l e c t r o n s   i n   t h e   n e b u l a e .   I n  
view of the   g rea t   impor tance   o f   th i s  method i t  i s  ex t r eme ly   des i r ab le   t o  
d e f i n e  more a c c u r a t e l y  and in   g rea t e r   de t a i l   examina t ions   o f   t he   ene rgy  
ba lance   o f   the   e lec t ron   gas .  

e 

The p resen t  s ta te  of   as t rophysics  p e r m i t s  a more p r e c i s e   d e f i n i t i o n  
of   the  energy  balance of the  nebula .  We have i n  mind the  following  /198 
t h r e e  moments: 1) the   cons ide ra t ion   o f  more accura te   da ta   concern ing   the  
r ad ia t ion   o f  stars beyond the Layman limit ( u n t i l  now t h i s  was considered 
t o  be a P l a n c k   r a d i a t i o n   w i t h  a t empera tu re   equa l   t o   t he   e f f ec t ive  
temperature   of   the  s ta r ) ,  2) t h e   u t i l i z a t i o n   o f   t h e  l a t te r  more accu ra t e  
data   concerning  the  chemical   composi t ion  of   the  nebulae and a l s o  
cons idera t ion   of   the   change   in   ion iza t ion   of   the   nebula   wi th   d i s tance   f rom 
the   exc i t i ng  s tar ,  and f i n a l l y ,  3) t h e   u t i l i z a t i o n   o f  more accu ra t e   va lues  
fo r   t he   p robab i l i t y   o f   t he   exc i t a t ion   o f   hydrogen  by a n   e l e c t r o n  i m p a c t .  

t he  
! f S  . 

The e n e r g y   d i s t r i b u t i o n   i n   t h e  spectra of   hot  s tars  i n   t h e   r e g i o n  
wavelengths h < 9.2 8 has  been  obtained by many au thors  [ Underhi l l  
16-18),   Pecker  (Ref.   19),   Traving  (Refs.  20-21), S a i t o  and  Uesugi 

( R e f .   2 2 ) ]   i n   t h e i r   c a l c u l a t i o n s   o f  a model  of the  atmosphere  of  these 
s t a r s .  As was t o  be  ant ic ipated  such a d i s t r i b u t i o n   d i f f e r s  from Planck ' s  
l a w ,  pr imari ly   because  of   the  presence  of   skips  beyond the limits of  the 
main series.  When T, 2 50,0OO0C t he   sk ips   nea r   t he  Layman l i m i t  smooth 

out   and   the   rad ia t ion   of   such  stars i n   t h e   r e g i o n   o f  300 x < h < 912 2 
is  a l r e a d y   c l o s e   t o   t h e   b l a c k  body r a d i a t i o n .  By us ing   t hese   da t a  
conce rn ing   t he   d i s t r ibu t ion   o f   ene rgy   i n   t he  spectra of   ho t  s tars  beyond 
the Layman l i m i t  we  have   ca lcu la ted   the   avera te   energy   va lue   o f   the  
photo- ionized   e lec t ron   for   an   op t ica l ly   f ine*   pure ly   hydrogen   nebula  
(Table 3 ) .  

- * 
The cond i t ion  of   t ransparency  for  L quanta  has  been  taken 

C 

d i r e c t l y  from t h e   d e f i n i t i o n  o f  the  Stremgren  zone  (Ref. 23) according 
t o  which  the  inequal i ty  r 1 i s  va l id   fo r   p rac t i ca l ly   t he   who le  volume 

LC 

of  the  nebula  (of  the  zones H 111), wi th   the   except ion  of a v e r y   f i n e  
bordering  layer  where -rL 71. 

C 
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Table 3 .  Average  Value  of  Energy  of  the 
Photo-Ionized  Electron 

S p e c t r a l  Class of 
E x c i t i n g   S t a r  
7 ~ 

WR (T* = 80 ,000') 

WR (T* = 62,000') 

WR (T* = 50 ,000' ) 

05 V 

07.5 V 

09 v (7 SCO) 

09.5 V 

BO V(10 Lac) 

B0.5 V 

B 1  V 

B1.5 B 

t S p e c t r a l  Class of 
E x c i t i n g   S t a r  

WR (T* = 80 ,000') 

I WR (T* = 62,000') 

I WR (T* = 50 ,000' ) 

I 0 5 v  

I 07.5 

I O 9  (7 scO) 

I O g a 5  

I Bo v(lo Lac) 

I I B 1  V 

I B1.5 B 

' E e r g  0 E e r g  0 

7.4 

7.4 

7.4 

4 . 8  

4.7 

4.2 

4.2 

4 . 2  

3 .4  

3.6 

3.6 

7.4 

7.4 

7.4 

4 . 8  

4.7 

4.2 

4.2 

4 . 2  

3 .4  

3.6 

3.6 

Author  of Model Author  of Model 

Underhi l l  [ 181 

II I 1  

Underhi l l  [ 181 

II I 1  

Underhi l l   [16]  

S a i t o  and  Uesugi  [22] 

Traving [ 20 ] 

Underhi l l  [ 1 7 ]  

Traving [ 211 

S a i t o  and  Uesugi  [22] 

Pecker  [19] 

1 1  I 1  

Underhi l l   [16]  

S a i t o  and  Uesugi  [22] 

Traving [ 20 ] 

Underhi l l  [ 1 7 ]  

Traving [ 211 

S a i t o  and  Uesugi  [22] 

Pecker  [19] 

1 1  I 1  

In   ac tua l   nebu lae  due to  the  presence  of  an  admixture  of  helium/l99 
atoms and other   e lements ,   the   average  energy  obtained by e l e c t r o n s   i n   t h e  
ionizat ion  of   hydrogen  and  hel ium w i l l  d i f f e r  from  the  value of Zo f o r  a 
purely  hydrogen  nebula   pr imari ly   for  two reasons: 

1) During  the  ionization  of  the  atoms He I and He I1 new e l e c t r o n s  
appea r  ( f r e e   e l e c t r o n s  of  non-hydrogen o r i g i n )   i n i t i a l   e n e r g y  of  which 
(h7 - x ) c a n   d i f f e r  from  the  average  energy  of  photo-electrons of a 

hydrogen o r i g i n  and  dependent  on  the  type of d i s t i n c t i o n   ( g r e a t e r   o r  
smaller) the  over-al l   energy  which i s  a s c r i b e d   t o  one e l e c t r o n  is 
correspondingly augmented o r  diminished; 

0 

2) The second  reason i s  r e l a t e d   t o  a change i n  spectral  composition 
o f   r a d i a t i o n  which ionizes   the  hydrogen as r e s u l t  of the  absorpt ion by 
atoms  of H e  I and a r a d i a t i o n   w i t h  X < 504 8 . 
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Taking a l l  o f   t h i s   i n t o   c o n s i d e r a t i o n ,  w e  have   ca lcu la ted   the  
average  energy  which is  obtained by f r e e   e l e c t r o n s   d u r i n g   t h e   i o n i z a t i o n  
of hydrogen  and  helium in   va r ious   zones   o f   t he   nebu la .  These zones are 
cha rac t e r i zed   by   t he   d tve r se   deg ree  of he l ium  ion iza t ion   (Table  4 ) .  

Table 4 .  Mean Energy  of  Free  Electrons  Obtained  During 
Ion iza t ion   o f  Hydrogen  and Helium 

S p e c t r a l  Class of - 
E x c i t i n g   S t a r  

WR 
WR 
WR 

0 5 V  

07 .5  V 

0 9 v  

09.5 V 

BO V 
B0.5 V 

B 1  V 

B1.5 V 

c 

I n  Zone 
He I 

5 .3  

5 . 2  

5 . 1  

4 . 8  

4 .7  

4 . 2  

4 . 2  

4 . 2  

3 . 4  

3 .6  

3.6 

* e r g  

I n  Zone 
He I1 

7 . 9  

7 . 9  

7 . 9  

5 . 3  

5 .O 

- 
- 
- 
- 
- 
- 

I n  Zone 
H e  I11 

9.7 

7 .7  

6.7 
- 
- 
- 
- 
- 
- 
- 
- 

The cond i t ion  of ene rgy   ba l ance   s ign i f i e s   t ha t   t he   ene rgy  of 
the  recombining  e lectron  plus  a l l  energy   losses  by the   e l ec t ron   du r ing  
i t s  s t a y   i n   t h e   f r e e  s t a t e  should be e q u a l   t o   t h e   i n i t i a l   e n e r g y  of the  
photo-e lec t ron  

E = E  0 r e c  + €loss - 
The energy  losses   occur  as a r e s u l t   o f   t h e   e x c i t a t i o n  by an  e lectron/200 
of t h e   p r o h i b i t e d   l i n e s  of var ious   ions ,   the   exc i ta t ion   o f   hydrogen  by 
t h e   e l e c t r o n  i m p a c t  and a l s o  as a r e s u l t   o f   t h e   " f r e e "   t r a n s i t i o n s  

(Eloss = 1 E i H  + E + E: 

i 
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The energy  which is  l o s t  by t h e   e l e c t r o n  on t h e   e x c i t a t i o n  of t he  
g i v e n   p r o h i b i t e d   l i n e   d u r i n g   t h e   e n t i r e   p e r i o d   o f  i t s  s t a y   i n  a f r e e  
s t a t e  is  e q u a l   t o  

E = 8.54 i 

1 

where N . / N  i s  the   qua l i ta t ive   abundance   of   ions   o f   the   g iven   type  and 

the   func t ion  8 (T ) i s  the  correct ive  factor   which  expresses   the  depen-  e 
dence of the  parameter R on  the  temperature  (Ref.  2 4 ) .  Symbolical ly ,  
the   express ion  (15) can   be   wr i t t en  

1 H  

where Jr (T ) f o r  a g i v e n   l i n e  i s  a func t ion  of the  temperature   a lone.  

Then i t  is  apparent   that   the   over-al l   energy  which i s  l o s t  by the  
e l e c t r o n  and the   exc i t a t ion   o f   t he   l i nes   o f   va r ious   i ons  

e 

I n   o r d e r   t o   c a l c u l a t e  E i t  is necessa ry   t o  know not   only  the  chemical  C i  
i 

composi t ion  of   the  nebula ,   but   a lso  the  change of i o n i z a t i o n  of the  
d i f f e ren t   e l emen t s   w i th   t he   change   i n   d i s t ance  from  the  exci t ing s t a r .  

Table 5 .  The Mean Chemical  Contents 
of the  Nebulae 
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In   Tab le  5 is  shown the  mein  chemical  composition of the  nebulae  which 
is obta ined   accord ing   to   the   observa t ion   da ta   o f   var ious   au thors   (Refs .  
25-30) (the  abundance  of  hydrogen  atoms is accepted   to   be   on   the   o rder  
of. unity)  and  Table 6 gives  a p resen ta t ion   conce rn ing   t he   i on iza t ion  of 
su l fu r ,n i t rogen ,and  oxygen in   var ious   zones   o f   the   ion iza t ion   of   he l ium.  
As a bas is   for   the   cons t ruc t ion   of   Table  6 the   obse rved   d i s t r ibu t ion  of 
atoms 0, N ,  and S was accep ted   acco rd ing   t o   t he i r   s t ages   o f   i on iza t ion  
in   the   nebula   Or ion   (Ref .  26) and NGC 7027 (Ref.   25).  The numerical 
values   give  the  approximate  content  of i ons   i n   pe rcen tages  from  the 
complete number of  atoms  of the  given  e lement .  

Table 6 .  Ion iza t ion   o f  Oxygen, Nitrogen,and  Sulfur  /201 
i n   Var ious  Zones of a Nebula 

I I 
Ion  He I 

[O III* 
0 [O 1111 

100 

1 N I V  1 [N 1111 

Zone 
~ ~- . "  

He I1 
(1) 

He 11 
(2) 

- . - . -. - 

70 

10 0 

60 30 

30 

30 10 

50 60 

20 30 

50 25 

50 67 

0 8 

"~ 

H e  I11 
~~~ ~ 

0 

30 

70 

0 

10 

60 

0 

10 

70 

. .. 

~~ 

* 
Within  the  square  brackets  are enclosed  ions,   which par t ic ipate  

in   t he   d i so rb t ion   o f   nebu la .  

The energy  which i s  l o s t  by t h e   e l e c t r o n   d u r i n g   t h e   i n e l a s t i c  
c o l l i s i o n s   w i t h  atoms o f  hydrogen i s  e q u a l   t o  
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where 

1 

The p r o b a b i l i t i e s   o f   e x c i t a t i o n  and i o n i z a t i o n  of  hydrogen by the  
e l e c t r o n  impacts are adopted  in   accordance  with  the work  by Chamberlain 
(Ref.   31).  The func t ion  D (T ) grows v e r y   r a p i d l y   w i t h   t h e   i n c r e a s e   i n  

t empera tu re ;   t he re fo re ,   t he   ex i s t ence 'o f   such  a mechanism o f   e l e c t r o n  
adsorp t ion  as , fo r   example ,   i ne l a s t i c   co l l i s ion   w i th   neu t r a l   hydrogen  
atoms  does  not make i t  p o s s i b l e   t o  raise the   e lec t ron   tempera ture  of the  
n e b u l a   e s s e n t i a l l y   g r e a t e r   t h a n  20 ,OOO°C. 

e 

The energy  which i s  l o s t  by the   e lec t ron   dur ing   the   " f ree- f reef1 /202  
t r a n s i t i o n s   d u r i n g   t h e   e n t i r e   p e r i o d  of i t s  p r e s e n c e   i n   t h e   f r e e  s t a t e  
i s  equal  

- 

- 27 e 1 

E = 1.42 10 f -f m 

1 

A s  a r e s u l t  of t h e   f a c t   t h a t   t h e   p r o b a b i l i t y  of the  recombinat ion 
o f   t he   e l ec t ron  i s  dependent  on i t s  v e l o c i t y   ( t h e   g r e a t e r   t h e   v e l o c i t y  
of recombination  the less the   ve loc i ty   o f   the   e lec t ron)   the   average  
energy  of   the  recombining  e lectron i s  about   half  as g r e a t  as the  mean 
ene rgy   o f   t he   f r ee   e l ec t ron   (3 /2  kT ) .  An e x a c t   c a l c u l a t i o n   i n d i c a t e s  
t h a t   t h e   r e l a t i o n s h i p  e 

E 
- = 0.52 rec 
3 F kTe 

i s  p r a c t i c a l l y   c o n s t a n t   i n   t h e  limits of  temperature  from 3,000 t o  
30 ,OOOo C . 

By knowing t h e   i n i t i a l   e n e r g y   o f   t h e   p h o t o - e l e c t r o n  and the  
energy loss by t h e   e l e c t r o n  a t  var ious   t empera tures ,  w e  can  f ind  f rom 
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equat ion  (14) t h e   v a l u e   o f   e q u i l i b r i a 1   e l e c t r o n   t e m p e r a t u r e   i n   e a c h  
zone of the   nebula .  The r e s u l t s   o f   t h e   c a l c u l a t i o n s  are shown i n  
Table 7 .  

This   t ab le   ind ica tes   the   dependence   of   the   e lec t ron   tempera ture  
o f   t he   nebu la   on   t he   spec t r a l   c l a s s   o f   t he   exc i t i ng  s tar  and i t s  change 
i n  limits of one  and  the same nebula.  This  change is s t i p u l a t e d  by 
t h e   c h a n g e   i n   i o n i z a t i o n   i n   t h e   n e b u l a  and a l s o  by the  change i n  mean 
energy   of   the   ion iz ing  quantum. 

Table 7 .  Equi l ibr ia1   E lec t ron   Tempera ture   in   Var ious  
Zones of the  Nebuia 

S p e c t r a l  He I11 He 112 He 111 H e  I 
Class 

WR 14 000' -16 000' 10 300° 9 700' 8 OOOO 

05-07.5  

- - - 7 000 09-BO 

- 8 800 8 400 7 600 

11. TI-E METHODS OF THE DETERMINATION OF THE ELECTRON TEMPERATURE /2O3 
OF GASEOUS NEBULAE FROM OBSERVATIONS 

1. The Determination  of  the  Electron  Temperature 
by the   Rela t ion  of I n t e n s i t y  of Auroral  

and Nebular  Lines 

The fundamental   and  most  accurate  method  for  the  determination 
of Te of gaseous  nebulae i s  the  method based  on a comparison  of  inten- 

s i t i e s  of two p r o h i b i t e d   l i n e s  of one  and  the same ion  which are exc i t ed  
by e l e c t r o n  i m p a c t s  of t h e   p r i n c i p a l   l e v e l .  However, t h e   p o t e n t i a l s  
o f   e x c i t a t i o n  of t h e   l i n e s   r e l a t i v e   t o   t h i s   b a s i c   l e v e l   a r e   d i s t i n c t  
(Fig.  1). The g r e a t e r   t h a t   t h e   d i f f e r e n c e  is  i n   t h e   p o t e n t i a l s  of 
e x c i t a t i o n  of  the   upper   l eve ls  o f  t h e s e   l i n e s   t h e  less is  the  inaccuracy 
T i n   t h e   d e t e r m i n a t i o n s  of the  observed  values  of t h e   l i n e   i n t e n s i t i e s .  

The energy  which i s  r a d i a t e d  by a u n i t  of  volume i n   t h e   n e b u l a   i n   t h e  
p r o h i b i t e d   l i n e  i s  e q u a l   t o  

e 
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-6 Eo = 8.54 10 
w T  1/2 x 

A e  

F ig .  1. Diagram of t he  Lower Levels of  an 
Atom.  The a r rows   ind ica te   the   t rans i t ions  
during  which  the  .nebular (N) , a u r o r a l  (A) 
and t r a n s a u r o r a l  (TA) l i n e s  are r a d i a t e d .  

Thereby, i t  i s  assumed tha t   each   exc i t ed  atom is  lowered  spontaneously 
e m i t t i n g  a quantum with  an  energy hv Genera l ly   t ak ing   in to   cons id-  
e ra t ion   impacts   o f   the   second  type ,   th i s   formula   has   the   fo l lowing  
form  (Ref. 32): 

-%A * 

W kTe $-+A * a~~ * Ne 
E ~ = N  B e  

A “A ( % A +  %A ‘ Ne 

where LA i s  the   p robab i l i t y   o f   t he   spon taneous   t r ans i t i on  and 
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A c r i t i c a l   v a l u e   o f   d e n s i t y  Nk usua l ly   in t roduced  i s  determined by the 
c o r r e l a t i o n  e 

From expressions  (22)  and  (24) i t  i s  o b v i o u s   t h a t   i f  N < Nk then  the/204 

number of r a d i a t i o n   a c t s  i s  not  dependent  on kA and w e  have  the  case 

described  by  formula (21) .  On the   o the r   hand ,   i f  Ne % Nk then  the 

amount o f   r ad ia t ion  i s  not  dependent  on N bu t  i s  p ropor t iona l   t o   t he  

q u a n t i t y  of  r a d i a t i n g  atoms  and the   p robabi l i ty   o f   spontaneous   t ran-  
s i t i o n :  

e e 

e 

e 

A W  A 

t h a t  i s ,  we have a case of  Boltzmann d i s t r i b u t i o n .  

In   the   formula   which   expresses   the   re la t ion   o f   the   in tens i ty  of 
the   aurora l  and nebu la r   l i nes   t he   t empera tu re   r e l a t ion   appa ren t ly  w i l l  
be represented   pr imar i ly  by the   fo l lowing   exponent ia l   fac tor  

X X 
x13 + - 12 - - 23 

I A  

I N  

" 

kTe  kTe kTe - = e   = e  

I f   f o r   s u c h  a p a i r  of l i n e s ,  apar t  f rom  the   po ten t i a l s   o f   exc i t a t ion ,   t he  
p robab i l i t i e s   o f   spon taneous   t r ans i t i ons  are e s s e n t i a l l y   d i s t i n c t   t h e n  
w i t h   d e n s i t i e s   c l o s e   t o   c r i t i c a l   o r   g r e a t e r ,   t h e   r e l a t i o n s h i p  I /I  

(or  ITA/IN), i n   a d d i t i o n   t o   t h e   t e m p e r a t u r e ,  w i l l  s t i l l  depend  on 

e l e c t r o n   d e n s i t y  of t h e   n e b u l a .   I n   t h i s  case i t  i s  necessa ry   t o  have 
two s u c h   c o r r e l a t i o n s   ( l e t  us s a y   f o r  two types  of   ions) .  The concurrent  
s o l u t i o n  of two equat ions   y ie lds   the   va lue  of N and Te. It i s  e a s y   t o  

A N  

e 
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c o n s i d e r   ' t h a t   i n  a case where   po ten t i a l s   o f   exc i t a t ion  of  the  upper  levels 
of two l i n e s  are equal  o r  v e r y   c l o s e  and t h e   p r o b a b i l i t y  of spontaneous 

t r a n s i t i o n s  are e x c e l l e n t ,   t h e n  when N M N . t h e   r e l a t i o n  I /I i s  depen- 

dent   on ly   on   the   e lec t ron   dens i ty  of  the  nebula   ( the method  of d e t e r -  
mina t ion   o f   t he   e l ec t ron   dens i ty   acco rd ing   t o   r e l a t ion  I 
proposed  by  Osterbrock  and  Seaton ( R e f .  32) ) .  

k 
e e A N  

3726/'3729 was 

The method fo r   t he   de t e rmina t ion   o f  Te w i t h  respect t o   t h e   l i n e s  

'4363 /I N1+N2 o f   the   ion  [0 1111 is  the most ex tens ive  and is  based  on 

the   p r inc ip l e   desc r ibed  ear l ie r .  If the   equa t ion   fo r   t he  s ta t i s t ica l  

equ i l ib r ium  fo r   t he   uppe r  two l e v e l s  I D  and So of  the  ion 0 I11 (we 

s h a l l   d e s i g n a t e  them  by 2 and 3) i s  w r i t t e n  down and the  populat ion of 

1 
2 

- 
the   main  level  is  excluded  from  the  ion,   then we s h a l l  

l a t i on   o f   t he   popu la t ions  of t h e   l e v e l s  'So and D2: 
1 

ob ta in   t he  re- 

where 

YeC R219 R12Ne T . ce 

/ 205 

X X 
1 3 -  1 2 ;  c =  8.54 * '32 

kTe Te 112 '3 1 
Y =  ; e = 1 + - .  

By knowing the   p robab i l i t i e s   o f   spon taneous   t r ans i t i ons   fo r   t he   l i nes  
X 4363 and N + N i t  i s  p o s s i b l e   t o   f i n d   a l s o   t h e   r e l a t i o n   o f   t h e  

i n t e n s i t i e s   o f   t h e s e   l i n e s .  By using  the  most  accurate  values  of  the 
parameters (Ref. 33) and the   p robab i l i t i e s   o f   spon taneous   t r ans i t i ons  
(Ref. 34),  we w i l l  o b t a i n   f o r   t h e   r e l a t i o n s h i p  I /I 

expression  (Ref .  26) 

1 2 

4363 N1+N2 t he  



246 

14300 - -  
14363 - 13.1 10 Te - 
1 
N1+N2 

It i s  obvious  from t h i s   f o r m u l a   t h a t   i n   t h e  case when t h e   d e n s i t i e s  

Ne < 10 5 

14300 
” 

‘4363 ‘Te 
T M 0.137 * 10 I 

N1+N2 

In   t he   ca se  of g r e a t   d e n s i t i e s  (Ne > 10 s t a r - l i k e   p l a n e t a r y   n e b u l a e ,  

clouds  of  symbiotic stars of r e t a r d e d   s p e c t r a l   c l a s s e s ,   e t c . )  

7 

14300 - -  
‘4363 Te 

T e 13.1 * 10 I 

N1+N2 

Thus, in   bo th   boundary   cases   the   re la t ion  I / I  is  not  dependent 

on   the   dens i ty  and only when lo4  < N < 10 i s  i t  a func t ion  of  the  

temperature and d e n s i t y .  For t h e   r e l a t i o n  of i n t e n s i t i e s  of analogous 
l i n e s  of the   ion  [0 111 Seaton and Osterbrock  (Ref.   32)  obtained  the 
fo l lowing   express ion  

4363 Nl+N2 
8 

e 

T 

X 

17000 

1 + 0.138 t (1 + 0.38  e-’) -t 38.4.10 -4 t2 (1 + 0.78e-’+  0.15 e Te) 

17000 - -  
1 + 0.36e-’+  5.3*10-2 t (1 + 0.82e-’+  0.5e 
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where 

t = N and y = - . 85 00 

Te e e  

Th i s   co r re l a t ion  is v a l i d   o n l y  when N < 10 . From formula (31) i t  /206 
is  o b v i o u s   t h a t   t h e   r e l a t i o n  I 732(H30/13727 i s  dependent  on  the  electron 

dens i ty  when Ne > 10 . And only a t  v e r y  low d e n s i t i e s  i s  i t  dependent 

6 
e 

2 

on  the  densi ty   and i s  e q u a l   t o  

8500 
" 

m 

'7320+30 - 0 . 1 8  * e 
I e 

8500 
T ' 3 7  27 

- 
- -  

1 + 0 .35  e e 

Q u i t e  o f t e n ,   e s p e c i a l l y  when t h e   d e n s i t y  of  the  nebula is  g iven  

g rea t e r   t han  lo3 t o  l o 4 ,  fo r   t he   de t e rmina t ion   o f  N and Te a system 

of  equations i s  used,  one  of  which is equat ion  ( 2 8 )  and another  i s  an  
analogous  equation  which i s  w r i t t e n   f o r   t h e   l i n e   o f   t h e   o n c e - i o n i z e d  
n i t rogen:  

e 

I5755 

'6548-l-84 
= 6 1 . 5  

- 
10 

10 820 
T e 

1 .  ( 3 3 )  

The concurren t   so lu t ions   o f   equa t ions  ( 2 8 )  and ( 3 3 )  are often  produced 
by a graphic  method: t he   r e l a t ions   be tween  Ne and T wi th   the   da ta   o f  e 
the   observed   re la t ions  I / I  4363  N1+N2 and '5755/'6548+84 are g i v e n   i n   t h e  

form  of   curves ,   the   po in t   o f   in te rsec t ion   of   which   de te rmines   the  unknown 
va lues  of Ne and T . This method  of the  determination  of  temperature  and 

dens i ty  a t  f i r s t  was  appl ied  by Seaton  (Ref .  3 5 ) .  A t  small d e n s i t i e s   t h e  
r e l a t i o n  I 

e 

5755/16548+s4 i s  e q u a l   t o  
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24  8 
10 820 
" 

I5755 Te = 0.1  10 
'6548t84 

(34) 

Therefore ,  i t  can serve as an  independent  method  for  the  determination 
of Te on   t he   l eve l   w i th   equa t ion  (28). 

Seaton  (Ref.  35) proposed   o ther   equa t ions   which   re la te   e lec t ron  
temperature and dens i ty   o f   the   nebula .  One of them i s  based on the  
s u p p o s i t i o n   t h a t  

where N1 i s  the  number of atoms i n  a g i v e n   i o n   i n   t h e   p r i m a r y   s t a t e .  

The v a l i d i t y   o f   t h e   e q u a l i t y  (35) i s  argued by t h e   f a c t   t h a t   t h e   i o n i -  
z a t i o n   p o t e n t i a l s  and t h e   c r o s s   s e c t i o n  of   photo- ioniza t ion   for   the   ions  
0 I and N I are v e r y   c l o s e .  By expressing N i n  terms of i n t e n s i t y   o f  

nebu la r   l i nes  of t he   r e spec t ive   i ons ,   i n s t ead   o f  (35) w e  ob ta in  /207 
1 

2.16 - 

where 

-4 e N 
x = 10 t = 10 -4 

1/2 , e Te * t e 

Analogous  equations  can  be  obtained  also on the   bas i s   o f   o ther  
suppos i t ions  of the   type (35). Bzhm (Ref. 36), for  example,   considers 
t h a t  

where N (0), N ( S ) ,  and N (Ne) are t h e   t o t a l   q u a n t i t i e s  of  the  atoms  of 
the  given  e lements .  The r e l a t i o n s h i p s  N (O) /N  (S) and N (0) /N (Ne) are 
considered known and c o n s t a n t   i n  a l l  nebulae.  However, t h e   e q u a l i t i e s  of 
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the  type  ' (37) are a very  rough  approximation;  they  cannot  be  substan- 
t i a t e d   s i n c e   n e i t h e r   t h e   c o e f f i c i e n t s  of absorp t ion   for   the   ions   nor  
t h e   f i e l d   o f   r a d i a t i o n   i n s i d e   t h e   n e b u l a  are known with  any  accuracy. 
As f a r  as concerns  equat ions  of   the   type  (28) ,   (31) ,   (33)   which  express  
t h e   r e l a t i o n s h i p s   o f   t h e   i n t e n s i t i e s  of   nebular   and  auroral   l ines   they 
can   be   wr i t t en   fo r  many o t h e r   i o n s ,   f o r  example [S 113, [S 1111, [0 I ] ,  
[ N  I ] .  However, i n  practice,  as the  method fo r   de t e rmin ing  T they 

cannot   be   u t i l i zed   because   o f   the  weak in t ens i ty   o f   t he   l i nes ,   wh ich  
e n t e r s   i n t o   t h e s e   r e l a t i o n s .  

e 

2 .  The Determination  of T Through a. Continuous  Spectrum 

of  the  Nebula 
e 

The poss ib i l i t y   o f   t he   de t e rmina t ion   o f   e l ec t ron   t empera tu re ,  
through a continuous  spectrum  of  the  nebula  beyond  the limits of   the 
B a l m e r  ser ies ,  is  c o n n e c t e d   w i t h   t h e   f a c t   t h a t   t h e   i n t e n s i t y  of con t in -  
uous r a d i a t i o n   i n   t h i s   r e g i o n  of the  spectrum is dependent  on T as e '  

h (U - - ' n) 

e 9 
kTe 

where u i s  the  frequency  which  corresponds  to  the l i m i t  of the  B a l m e r  

series.  For   the  determinat ion of Te w i t h   t h i s  method, i t  i s  s u f f i c i e n t  

t o  measure  the  intensi ty  of the Balmer  continuum i n  two d i f f e r e n t  
f requencies .  The method i s  ve ry   s ens i t i ve   t o   mi s t akes   i n   obse rva t ions .  
It i s  v e r y   d i f f i c u l t   t o   a v o i d   s u c h   m i s t a k e s   s i n c e   t h e   o b s e r v a t i o n s  are 
conducted i n   t h e   u l t r a v i o l e t   r e g i o n  of the  spectrum. It i s  s u f f i c i e n t  
t o   m e n t i o n   t h a t   t h e   f i r s t  attempts to   de t e rmine  T by t h i s  method were 
unsuccessful   (Refs .   37,   38) .  

n 

e 

Sea l ley ' s   theory   y ie lded   one  more method  of de te rmina t ion  
temperature  which i s  based  on  the  magnitude of t he  B a l m e r  s k i p  

\<36  86 A 

ID3686 A ' 
D = l g  

of /208 

(39) 

By u t i l i z ing   t he   t heo re t i ca l   fo rmulas ,   Ba rb ie r   (Re f .  39) ca l cu la t ed   t he  
magnitude  of  the Balmer sk ip   du r ing   d i f f e ren t   e l ec t ron   t empera tu res  
cons ide r ing   t ha t   t he   con t inuous   r ad ia t ion   o f   t he   nebu la  is pos tu l a t ed  
only by the  f reely-bound and f r e e - f r e e   t r a n s i t i o n s .  However, t h e  



250 

theory and observa t ions   ind ica ted  a s i g n i f i c a n t   d i v e r g e n c e .  Later wi th  
the  development of the   theory  of the two-quantum con t inuous   r ad ia t ion  
(Refs.  40,  41) the   conformi ty  was improved  between  the  theoretical 
Balmer sk ip  and the   observed   sk ip .  As A n d r i l l a t  showed (Ref.  42)  the 
observed  magnitude of the  B a l m e r  s k i p  is  i n  good conformity  with i t s  
t h e o r e t i c a l   v a l u e   c a l c u l a t e d  by Seaton  (Ref.  43) a t  a temperature   c lose 
t o  T which was found  a long  the  l ines  [0 1111. Thereby, 2 s -+ 2p 

t r ans i t i ons ,   wh ich  were brought  about by e l e c t r o n   c o l l i s i o n s ,  were 
a l so   t aken   i n to   cons ide ra t ion .  

e 

The de termina t ion   of   the   e lec t ron   tempera ture  is  p o s s i b l e   a l s o  
through  the  observat ions  of   the   cont inuous  radiat ion of the   nebula   in  
t h e   v i s i b l e   r e g i o n  of  the  spectrum  (Ref.  44). However, because  of  the 
g rea t   d i f f i cu l t i e s   connec ted   w i th   t he   obse rva t ions   o f   con t inuous   r ad i -  
a t i o n  of  the  nebulae and the  comparatively low degree  of   accuracy  of  
t h e   o b t a i n e d   r e s u l t  , t h i s  method for   de te rmining  T was n o t   a p p l i e d   i n  
p r a c t i c e .  e 

3 .  The Determination  of T w i th   Respec t   t o   t he   To ta l   In t ens i ty  e 
o f   t he   P roh ib i t ed   L ines   t o   t he   In t ens i ty  of the   L ine  H 

(The  Method of   Energet ic   Balance)  
B 

I n i t i a l l y ,   t h e  method of   energe t ic   ba lance  was proposed by 
Sobolev  (Ref. 10) for   the  purpose  of   determining  the  e lectron  tempera-  
ture   of   planetary  nebulae.   Spi tzer   (Refs .   11-14)   developed a similar 
method for   de te rmining  T o f   i n t e r - s t e l l a r   gas .   Bake r ,  Menzel  and 

Aller   (Ref .  3) and la te r  Aller (Ref. 7) have  developed  in a somewhat 
d i f f e r e n t  form  an i d e n t i c a l  method  independent  of  Sobolev‘s  effort .  
The p r i n c i p l e   o f   t h e  method i s  the same i n  a l l  cases;   considered are 
a l l  poss ib le   p rocesses   dur ing   which   e lec t rons   o f   the   nebula   acqui re  
k ine t ic   energy   (photo- ioniza t ion  of hydrogen  and  helium) and the  
processes   during  which  this   energy i s  l o s t   ( f r e e - f r e e   t r a n s i t i o n s ,  
r e c o m b i n a t i o n s ,   i n e l a s t i c   c o l l i s i o n s  of i ons ,  e t c . ) .  

e 

We have   a l ready   d i sucssed   th i s  method i n   d e t a i l   i n   t h e   f i r s t  p a r t  
o f   t h i s   a r t i c l e .  The complete   equat ion  for   energy  balance  has   the 
following  form / 2 0 9  

i 
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where T i s  t h e  mean energy  of   the  e lectrons  which are to rn   ou t   du r ing  0 
the  ionization  of  hydrogen  and  helium (see Table 4 )  and the  T 
and cH are g iven   r e spec t ive ly  by formulae  (20)'  (19) and (18). By 

rec' f f  E 

fol lowing Aller (Ref. 7) i t  i s  poss ib le   to   p resent   the   energy ,   which  is 
l o s t  by t h e   e l e c t r o n  on t h e   e x c i t a t i o n   o f   t h e   p r o h i b i t e d   l i n e s ,   i n   t h e  
following  form 

where 

-20  b4 ('e) e e 
G (T,) = 22.4  10 a3 ,312 ' 

1 

and 1 - Ii i s  t h e   o b s e r v e d   t o t a l   i n t e n s i t y  of a l l  t h e   p r o h i b i t e d   l i n e s .  
I H  

i B  
T h i s   i n t e n s i t y  i s  e x p r e s s e d   i n   u n i t s  of i n t e n s i t y  of t he  H l i n e s .  B 

The l e f t  term of equat ion  (40)  i s  dependent  only  on  the spectral  
c l a s s  of   the   exc i t ing  s t a r  and the   degree   o f   he l ium  ion iza t ion   in   the  
nebula.  The r igh t   t e rm  depends   on   the   e lec t ron   tempera ture   o f   the  
n e b u l a ,   t h e   t o t a l   i n t e n s i t y   o f   t h e   p r o h i b i t e d   l i n e s  and the  degree  of 
hydrogen   ion iza t ion   in   the   nebula .  The l a t t e r  is normally  on  the 

order  of lo3 t o  10 and the  l as t  term in  equation  (40)  does  not  have  any 
s i g n i f i c a n t   v a l u e  when a l l  Te < 15,0OO0C. Equation  (40)  (without  the 

l a s t  t w )  i s  presented   in   the   form  of  a nomogram i n   F i g .   2 .  The va lues  

4 

Te and 1 IilIHB 
are p lo t t ed   a long  two extreme  scales .  The scale i n   t h e  

i - 
center   conta ins   the   va lue   o f   the  parameter E ~ .  The po in t s   o f   i n t e r -  

s e c t i o n  of t hese  scales w i t h   a n y   s t r a i g h t   l i n e   y i e l d   t h e   v a l u e s  of T 

1 I i ' I H  0 
i 

Unt i l  now the   equat ion   for   energy   ba lance   has   been   used   exc lus ive ly  as a 

- e' 
and E which   s imul taneous ly   sa t i s fy   the   equat ion  of balance.  

B 
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method fo r   t he   de t e rmin ing   o f   t he   e l ec t ron   t empera tu re .  Meanwhile i t  
is obvious  from  the nomogram that   the   temperature   thus  found i s  extremely 

s e n s i t i v e   t o   e r r o r s   i n  7 Ii/IH and E The equat ion   for   the   energy/210 

balance i s  of   ex t remely   g rea t   in te res t   f rom  the   v iewpoin t   o f   the   poss i -  
b i l i t y  of determining  from  observations  the  values T or   the  mean energy 

of t he   i on iz ing  quantum (hu = E + xH) which are dependent  on  the 

d i s t r i b u t i o n  of ene rgy   i n   t he  spectrum of a star beyond the  Lyman 
boundary.  Actually  what  do we know a b o u t   t h e   d i s t r i b u t i o n   o f   r a d i a t i o n  
beyond the  Lyman boundary  for   such  objects ,  as the   nuc le i  of  planetary 
nebulae?  Apparently  this  type  of  information  might  be  obtained  only 
e i the r   pu re ly   t heo re t i ca l ly   (mode l s ) ,   o r  by some i n d i r e c t  method. The 
presence  of  an enormous q u a n t i t y   o f   n e u t r a l   h y d r o g e n   i n   t h e   i n t e r - s t e l l a r  
space   dep r ives   u s   fo reve r   o f   t he   poss ib i l i t y   o f   d i r ec t   obse rva t ions   o f  
t h i s  p a r t  of  the spectrum o f   d i s t a n t   o b j e c t s .   T h e r e f o r e ,   t h e   p o s s i b i l i t y  
of   determining  the parameter Fo f rom  the  equat ion  for   the  energy  balance 

is  o f   i n t e re s t   no t   on ly  as a means for   checking   the   va lues   o f  E obtained 

by t h e o r e t i c a l  models  of s tars  (Ref. 4 5 ) ,  bu t   a l so  from the  viewpoint  of 
checking   the   va l id i ty   o f   our   concepts   concern ing   the  mechanisms  of hea t ing  
and cool ing   of f  of the  nebula .  

- 
_I B 0 ’  
i 

0 
” 

0 

- 
0 

I 

Fig.  2.  Nomogram of  Energy  Balance  Equation. 
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4 .  The Determination  of  Electron  Temperature  of  Nebulae 
by Means of  Radio  Observations 

The v i s i b l e   d e n s i t y   o f  a r ad io   emis s ion   f l ux  of  the H I1 reg ion  
(with a homogeneous e lec t ron   tempera ture  T ) located  between  the  observer 

and  the  background  (with a homogeneous br ightness   temperature  T ) i s  

expressed as follows: 

e 

b 

where   in tegra t ion  i s  conducted  a long  the  sol id   angle  Q which  occupies  the 
nebula.  Here f i s  the   f r equency   i n   cyc le s  and T is  t h e   o p t i c a l   t h i c k -  
ness   in   the   g iven   f requency .  It  i s  obvious  from  (42)  that   the  /211 
e l e c t r o n   t e m p e r a t u r e   i n   t h e   n e b u l a   c a n   b e   e a s i l y   o b t a i n e d  by way of 
f inding  the  f requency  for   which F = 0 and  by  measuring T w i t h i n  

th i s   f requency .  Then i t  is apparent   tha t  T = Tb. As Mills, L i t t l e  and 

Sheridan  (Ref.  4 6 )  have  proven  the  general ly   accepted  value  of  T w 

10 ,OOO°C i n   t h i s  case i s  almost  obvious. However, the  method i s  too  
sens i t ive   for   f lux   measurements  and s ince   t he  l a t te r ,  which are cal i -  
b r a t e d   i n   a b s o l u t e   u n i t s ,   c a n   h a v e   a n   e r r o r  of f 20$, and the  frequency 
a t  which  FobServ = 0 ,  due t o   t h e   s p e c i f i c   n o i s e s ,  i s  poorly  determined, 

then  the method y i e l d s   i n   e f f e c t   n o t  much more than  an  order   of   uni ty  
f o r  Te. 

observ b 

e 

e 

Thanks t o   t h e  work  by Wade (Ref.  47) a somewhat modif ied  radio 
method for   de te rmining   the   e lec t ron   tempera ture   o f   the  H 11--regions 
by the   observed   dens i t ies   o f   the   f luxes   on  two remote   rad io   f requencies  
has  been  developed. 

A f t e r   i n t e g r a t i o n  by R the   equat ion   (42)   for  a spher ica l   nebula  
acqui res   the   fo l lowing  form: 

4nke0f 2 2  (Te - Tb) 

Fobserv 
- - 

2 y (To) , (43) 
C 

where 

1 -2 - "0  Y ( T ~ )  = 2 + T~ [e (To -k 1) - 13. (44) 
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Here eo is  the   angular   d imens ion   of   the   nebula   in   rad ians  and T i s  the  

o p t i c a l   d e p t h  a t  the   cen ter   o f   the   nebula .  The value  of  T fo r   each  

frequency  can  be  expressed as a func t ion  of t h e   e l e c t r o n  temperature. 
Then the   r e l a t ion   o f   op t i ca l   dep ths   on   t he  two f r equenc ie s   f l  and f 
can   be   wr i t ten  as fol lows 

0 

0 

2 

where 

3 kTe 

h . 2  = 9.70 I n  
2hfI Q 

I .L  

The fu r the r   p rocess   o f   f i nd ing  T c o n s i s t s  of the   fo l lowing .  We s u b s t i t u t e  

the   va lues  F and Tb, which are observed  on two f r equenc ie s ;   i n   equa t ion  

(43) ,  we consider  several va lues  of T and c a l c u l a t e   f o r   t h e s e  temper-  

e 

e 
a tu re s   t he   func t ions  Y (T ) and Y ( T ~ . ~ ) .  By means  of formula  (44) 0.1 
which  can  be  presented  graphical ly  as a curve Y = Y (T ), we f ind   t he  

values  T and T~ .2  and de termine   for   each   g iven  T t h e   r e l a t i o n  
0 

0 . 1  e 

To .1lT0 .2 '  We e n t e r  on the   g raph   t he   r e l a t ions   found   fo r  T 0 .1lT0 .2 '  
as a func t ion   of   the   e lec t ron   tempera ture .   In   the  same graph i s  i n t r o -  
duced  the  dependence of T~ . 1  and T on T which was calculated  /212 

accord ing   to   formula   (45) .  The i n t e r s e c t i o n  of t he  two curves  gives  us 
the  sought  value  of T . 

0.2  e '  

e 

This  method is  appl icable   on ly  when T i s  no t   t oo   h igh .   I f ,   on  
the   o ther   hand ,   the   nebula  a t  a given  wavelength i s  no t   t r anspa ren t ,  
then it r a d i a t e s  as a b lack  body and i t s  temperature  can  be  determined 
by measuring  the  f lux of r a d i a t i o n  and i t s  angular  dimensions.  The 
in fo rma t ion   i n   r ega rd   t o   t he   angu la r  and l inear   d imens ions   and   a l so   the  
v i s i b l e  forms  of a ma jo r i ty  of  nearby H I1 - reg ions ,   can  be obtained 
photographica l ly .  

0 
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5 .  Determination  of  the  Electron  Temperature by Oxygen Lines 
h 3727 [0 1 1 1  and N1 + N2 [ 0 1111 

Equat ion   (28) ,   the   p r inc ipa l  method for   de te rmining   e lec t ron  
tempera ture   o f   p lane tary   nebulae ,   cannot   be   in   p r inc ip le   appl icable   to  
many d i f fuse   nebulae   because   o f   the  weak i o n i z a t i o n  of oxygen i n  them 
( i o n s   i n  0 I11 are few o r  are completely  absent).  The problem  concerning 
the  expediency  of  using  the  equation  of  energy  balance as the  method of 
de te rmina t ion  of e lec t ron   tempera ture   has   been   cons idered  by  us i n  
Sec t ion  3. As f a r  as t h e   r a d i o  method is  concerned,  although i t  is  
a p p l i c a b l e   t o   t h e   e x t e n s i v e  H I I - r eg ions  i t  has  very  grave  short-comings 
and is  e n t i r e l y   u n s u i t a b l e   f o r  many t a s k s .  The principal  short-coming  of 
t h i s  method i s  s e e n   d i r e c t l y  f rom  formula  (45):   the   observed  re la t ion 

l-0. d T 0 .  2 is  very  weakly  dependent  on T (as I n  Te) .  Therefore ,   the  e 
small e r r o r s   i n  T f i rmly   in f luence   the  unknown va lue  T . Second s h o r t -  0 e 
coming i s  i n c l u d e d   i n   t h e  small angular   reso lu t ion   of   the   rad io   t e lescopes .  

The absence  of a s i m p l e ,  r e l i a b l e  method and, a t  the same time, 
one  which  does  not  present  specific  requirements  toward  observations  for 
the  determinat ion  of  T of   d i f fuse   nebulae   has   compel led   us   to   ana lyze  

i n   g r e a t e r   d e t a i l   t h e   p o s s i b i l i t i e s   f o r   d e t e r m i n i n g   t h e   t e m p e r a t u r e s  of 
such   nebulae   a long   the   b r ight   l ines .  As a r e s u l t  a method for   de te rmining  
T which u t i l i z e s   t h e   i n t e n s i t y  of l i n e s  X 3727 [0 111 and N1 + N 

e 

e 2 
(Ref.   48).  

The comparison  of   the  ionizat ion  potent ia ls   of   the  atoms H I and 
0 I (13.595  and  13.614 e l e c t r o n   v o l t s ,   r e s p e c t i v e l y )  shows tha t   the   degree  
o f   i on iza t ion  of  hydrogen  and  oxygen i n   r e g i o n s  H I1 should  be  ident ical ,  
i . e . ,  i n   t h o s e   r e g i o n s  where  hydrogen i s  luminescent and  atoms  of 
n e u t r a l  oxygen are almost   absent .   This  i s  a l s o   i n d i c a t e d  by the  absence 
of a no t i ceab le   ampl i f i ca t ion   o f   t he   l i ne  of the   n ight   sky  X 6300 [0 1 1 1  
i n   t h e   d i r e c t i o n s  toward d i f fuse   nebu lae .  

On the  other   hand,  a comparison of t h e   i o n i z a t i o n   p o t e n t i a l s  He I1 
and 0 I1 (54 .403   and   54 .93   e lec t ron   vo l t s ,   respec t ive ly)  and the  absence 
in   d i f fuse   nebu lae   o f   i ons  of He I11 ( t h e   l i n e  h 4686 He I1 i s  not  
observed)   ind ica tes   tha t   the   ions   o f  0 I V  and higher  stages  of  oxygen 
i o n i z a t i o n  are a l so  absent.  Thus,  oxygen i n   d i f f u s e   n e b u l a e   ( a n d   a l s o   i n  
planetary  nebulae  with low e x c i t a t i o n )  i s  found  only i n  two i o n i z a t i o n  
levels - 0 I1 and 0 111. This  gives  us  one more  method of   determining 
the   e lec t ron   tempera ture .   This   concept  is  inc luded   i n   t he   fo l lowing .  
I f  it is  cons ide red   t ha t   t he  re la t ive chemical  composition  of a l l  nebulae 
i s  ident ica l ,   then   the   fo l lowing   should   be   va l id  



F i g .  3 .  Nomogram of Equation  (47).  The electron  temperature  of the 
nebula is  determined when N(O)/N(H) and the  observed  values I 3727”H and I N,+N,/’H B 

B 
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where N (O)/N (H) is  t h e   t o t a l  number of  oxygen  atoms p e r  un i t   o f  volume 
of the  nebula  relative t o   t h e  number of  hydrogen  atoms. Now i f   t h e  
r e l a t i o n s  N (0 I I ) / N  (H) and N (0 I I I ) / N  (H) are expressed  through  the 
i n t e n s i t i e s   o f   t h e   l i n e s  X 3727 ,  N1 + N and H then we w i l l  ob ta in   t he  
equat ion  2 B' 

'3 7 27 - .  l +  -No - 
I H  @ I O  I11 'H @[O 1111 N (HI ' B B 

(47) 

where @ f o r  a g i v e n   l i n e  i s  the  funct ion  of   only  the  temperature:  

9414 AB 

14 R& T e 8 ( ~ ~ 1  Te kTe 

X 
"" 

@= 3 . 3 8  10 
'A b4 (Te) 

e (4 8) 

Thus,  the  entire  process  of  determining  the  temperature i s  reduced   to  
a s e l e c t i o n   o f  a value  of  T where   t he   fux t ions   o f   t oge the r   w i th   t he  

o b s e r v e d   i n t e n s i t i e s  of t h e   l i n e s  X 3 7 2 7  and N + N a t  a given  magnitude 

of N (O)/N (H) ( i d e n t i c a l   f o r  a l l  nebulae) would s a t i s f y   e q u a t i o n  ( 4 7 ) .  
For a qu ick   ca l cu la t ion  of such a temperature a nomogram of t h i s   e q u a t i o n  
i s  cons t ruc ted   (F ig .  3) . By combining  the  points  of two ex t reme  sca les  
on  which are p laced   t he   obse rved   i n t ens i t i e s   o f   t he   l i nes  X 3 7 2 7  and 
N + N by a s t r a i g h t   l i n e ,  i t  i s  p o s s i b l e   t o   f i n d   t h e   v a l u e  T which 

s a t i s f i e s   e q u a t i o n  ( 4 7 )  f o r  any  given N (O)/N ( H ) .  As is  obvious  from 
the nomogram, the   e lec t ron   tempera ture   which  w a s  found i n   t h i s  way w i l l  
be   s ign i f icant ly   dependent   on   the   va lues  of N (O) /N (H) which w e  have 
o b t a i n e d .   I f   t h e   r e l a t i v e   c o n t e n t  of  oxygen were accura t e ly  known, 
equat ion  (47)  would y i e ld   t he   exac t   va lue  of Te. However, va r ious  methods 

and d i f f e r e n t   a u t h o r s   g i v e   d i v e r s e   v a l u e s   f o r  N (O)/N (H) . It i s ,  
the re fo re ,   necessa ry   t o   t ake   t he   ave rage   fo r  a l l  de te rmina t ions  (see Table 
5 ) .  This  method makes i t  poss ib l e   t o   have  a s ingle   t empera ture  scale f o r  
a l l  nebulae  a l though i t s  zero-poin t   can   be  somewhat s h i f t e d   t o  one s i d e  
o r   ano the r  re la t ive to   t he   t rue   t empera tu re  scale. 

e 

1 2 

1 2  e 
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CHRONICLES 

CONFERENCE ON EXTRAGALACTIC  ASTRONOMY AND COSMOLOGY 

A conference  of  the Commission  on Cosmogony from  the  Astronomic 
Council   of  the Academy of   Sciences  of   the USSR d e d i c a t e d   t o   e x t r a g a l a c t i c  
astronomy and cosmology  took place on  June  25-28,  1961 i n  Moscow a t  the  
P. K.  Sch te rnbe rg   S t a t e   As t ronomic   In s t i t u t e .  The conference was 
organized  for   the  purpose of prepa ra t ion   fo r   t he  symposium on   t he   sub jec t s  
adopted  for   the  11th  Congress  of the  Internat ional   Astronomic Union. 

The meeting  on  June  27th,   dedicated  to  the  theoretical   problems 
of  cosmology, w a s  conducted in   the   Phys ica l   Facul ty   Depar tment   o f  Moscow 
S t a t e   U n i v e r s i t y   j o i n t l y   w i t h   p a r t i c i p a n t s  of  the  All-Union  Conference 
on   Gravi ta t ion .  

I n  V .  A .  Ambartsumyan's  lengthy  report  (Byurakan  Astronomical 
Observa tory)   bas ic   p roblems  of   ex t raga lac t ic   inves t iga t ions  were considered 
( the   r epor t  i s  pub l i shed   i n  i t s  e n t i r e t y   i n   t h e   p r e s e n t  volume of   the  
c o l l e c t i o n  "Problems  of Cosmogony"). 

B. A.  Vorontsov-Velyaminov  (Schternberg  State  Astronomic  Insti tute) 
focused   h i s   main   a t ten t ion   on   the   in te r -ac t ing   ga lax ies  and  problems  of 
t h e   p h y s i c a l   i n t e r p r e t a t i o n  of t he i r   obse rved   i n t e rac t ion   ( r epor t  i s  being 
publ i shed) .  

Yu. P.  Pskovskiy  (Schternberg State  Astronomic I n s t i t u t e )   d e d i c a t e d  
h i s   a d d r e s s   t o   t h e   i n v e s t i g a t i o n  of d i s t ances  , motions and d i s t r i b u t i o n  
o f   g a l a x i e s   i n  a sphere   wi th  a r ad ius   o f  15 megaparsecs  (report  is  being 
publ ished)  . 

E .  A.  Dibay  (Schternberg  State   Astronomic  Inst i tute)   proposed  the 
in te rpre ta t ion   o f   an   asymmetr ic   d i s t r ibu t ion  of gas and d u s t   i n  spiral  
ga l ax ie s  as a r e s u l t   o f   t h e   j o i n t   i n f l u e n c e   o f   r o t a t i o n  and r a d i a l  
motion  along  the  l imb. 

N.  S .  Kardashev  (Schternberg  State   Astronomic  Inst i tute)   reported 
on   the   s tudy   of   the   devia t ion   of   the   sur face  maximum d e n s i t y  of hydrogen 
from the  plane  of symmetry  of the  galaxy and the   in te rac t ion   of   the   gas  
o f   t he   ga l axy   w i th   i n t e rga lac t i c   gas   ( r epor t  is  being  publ ished) .  

T. A. Agekyan  and I. V. Petrovskaya  (Leningrad  State   Universi ty)  
d i scuss   the   ques t ions   concern ing   the   s ta t ionar i ty   o f  a c l u s t e r  of ga l ax ie s  
i n  Coma Berenices  and t h e   d i s t r i b u t i o n  of d e n s i t y   i n   t h e   c l u s t e r   c o n n e c t e d  
w i t h   t h i s .  
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A. T. Kallogyan  (Byuratan  Astronomical  Observatory)  discussed 
the  dynamic i n s t a b i l i t y   o f   c e r t a i n   g r o u p s  of ga l ax ie s  and  of a c l u s t e r  
i n   t h e  Corona  Borealis.  

I n   t h e   r e p o r t  by Y a .  A. Smorodinskiy and B. M. Pontekorovo  /217 
I n s t i t u t e  of Nuclear  Research (01 Ya. I, Dubna) t h e   p o t e n t i a l   r o l e  of 
n e u t r e n o   i n   a s t r o p h y s i c s  and cosmogony was considered.  

V. L .  G inzburg   ( Ins t i t u t e  of Phys ic s ,   t he  Academy of Sciences of 
the  USSR) gave  an  account   of   the   invest igat ions  of   cosmic  rays   which are 
shedding   l igh t   on   the   na ture   o f   rad io   ga lax ies  and the  Metagalaxy. 

L .  A. Frank-Kamenetskiy  (The I n s t i t u t e  of Anthropology  and 
Ethnography  of  the Academy of Sciences  of   the USSR) d i scussed   the  
hypotheses   concern ing   the   p lura l   b i r th   o f   nuc leon  pa i r s  by thermic 
photons i n  an  exposed  cosmological  model. 

E .  M. L i f s h i t z  , I. M. Khalatnikov and V.  V.  Sudakov  (The I n s t i t u t e  
of  Physical  Problems o f  the  Academy of  Sciences of  the  USSR) on  the  basis 
of r e sea rch   on   t he   cha rac t e r i s t i c s  of  t he   cosmolog ica l   so lu t ions   t o   t he  
equat ions   o f   g rav i ta t ion   have  shown tha t   t he   ex i s t ence   o f   t he   phys i ca l  
property  of  time i s  not  a c h a r a c t e r i s t i c  of the  cosmological  models 
i n   t he   gene ra l   t heo ry  of r e l a t i v i t y .  

A. L .  Zelmanov (Sch te rnk<rg   S t a t e   As t ronomic   In s t i t u t e )   r epor t ed  
on  the  theory  which  he i s  developing on  an a n t i s o t r o p i c  inhomogeneous 
universe .  

M. F.  Shirokov (Moscow A v i a t i o n   I n s t i t u t e )  and I.  Z .  F i sher  
ded ica t ed   t he i r   add res s   t o   t he   t heo ry  of an inhomogeneous i s o t r o p i c  
universe .  

A.  Ya. K i p p e r  ( I n s t i t u t e   o f   P h y s i c s  and Astronomy of the  Academy 
of  Science of the   Es tonian  SSR) d i scussed   t he   g rav i t a t iona l   pa radox   i n  
Newton's t heo ry   ( r epor t  i s  being  publ ished) .  

E .  L .  Zelmanov (Schternberg S t a t e  Astronomic  Inst i tute)   considered 
the   g rav i t a t iona l   pa radox  and the  quasi-Newton  approximation. 

I. D .  Novikov (Schternberg S t a t e  Astronomic I n s t i t u t e )  gave  an 
account  concerning some cosmological   mosels   in  a quasi-Newton  approx- 
imation. 

G.  M. I d l i s  (The As t rophys ica l   In s t i t u t e  of the  Academy of Sciences 
of the Kazakh SSR) reported  on  research  conducted by  him i n   c o n j u n c t i o n  
wi th  R.  Kh. Gainul l ina  and Z .  Kh. Kurmakayev on t h e   s e a r c h   f o r   v i s i b l e  
compressions of d i s t a n t   s p h e r i c a l  components  of m u l t i p l e   g a l a x i e s  due t o  
t h e   E i n s t e i n   e f f e c t .  
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L. M. Ozernoy !Shternberg   S ta te   As t ronomic   Ins t i tu te )   cons idered  
some problems  of   gravi ta t ional   condensat ion  of   galaxies  and g lobular  
c l u s t e r s  . 

G. I. Naan (The Academy of   Sciences  of   the  Estonian SSR) dedicated 
h i s   a d d r e s s   t o  a c r i t i q u e  of c e r t a i n   p h i l o s o p h i c a l  works i n  which  the 
"cosmological   inf ini ty"   concept  is accep tab ly   s impl i f i ed   o r   d i s to r t ed  
and  showed how i t  i s  necessary   to   cons ider   th i s   concept   f rom  the   po in t  of 
view of contemporary  physics.  

About 100 special is ts ,  p h y s i c i s t s  and a s t ronomers   pa r t i c ipa t ed   i n  
the  conference.   Nearly a l l  t h e   r e p o r t s  were s u b j e c t e d   t o   l i v e l y  
d i scuss ion .  

Ye. L .  Ruskol 

Trans la ted  by Joseph L. Zygielbaum 
Electro-Optical   Systems,   Inc.  
Pasadena ,   Cal i forn ia  
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“The aeronautical and space activities of the  United States shall be 
conducted so as to contribute . . . to the  expansion of human knowl- 
edge of phenomena in  the  atmosphere and space. The Administration 
shall provide  for  the widest  practicable and appropriate  dissemination 
of information  concerning  its  activities and the  results thereof.’’ 

-NATIONAL AERONAUTlCS A N D  SPACE ACT OF 1958 

NASA  SCIENTIFIC AND TECHNICAL  PUBLICATIONS 

TECHNICAL  REPORTS: Scientific and technical  information  considered 
important,  complete,  and  a  lasting  contribution to existing  knowledge. 

TECHNICAL NOTES  Information  less  broad  in  scope but  nevertheless 
of  importance  as  a  contribution to existing  knowledge. 

TECHNICAL  MEMORANDUMS: Information  receiving  limited  distri- 
bution  because  of  preliminary data, security classification, or other reasons. 

CONTRACTOR  REPORTS:  Technical  information  generated  in  con- 
nection  with  a NASA contract or grant  and  released  under NASA auspices. 

TECHNICAL. TRANSLATIONS: Information  published  in  a  foreign 
language  considered to merit NASA distribution  in English. 

TECHNICAL  REPRINTS: Information  derived  from NASA activities 
and initially  published in  the form of journal  articles. 

SPECIAL PUBLICATIONS: Information  derived  from or of  value to 
NASA activities but  not  necessarily  reporting  the  results .of individual 
NASA-programmed scientific efforts. Publications  include  conference 
proceedings,  monographs,  data  compilations,  handbooks,  sourcebooks, 
and special  bibliographies. 

Details on the  availability of these publications may be obtained From: 

SCIENTIFIC  AND  TECHNICAL  INFORMATION  DIVISION 

NATIONAL AERONAUTICS AND SPACE ADMINISTRATION 

Washington, D.C. PO546 


